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Abstract
This work presents a precision determination of the mass difference of neutral and
charged B mesons, m(B0)−m(B+). The measurement is based on a data sample of
about 232 million BB pairs recorded with the BABAR detector at the e+e− storage-ring
system PEP-II. In events of e+e− → Υ (4S) → BB, B0 and B+ mesons are fully re-
constructed in decays B+ → J/ψK+ and B0 → J/ψK∗0 using the subsequent decays
J/ψ → `+`− and K∗0 → K+π− for the reconstruction of J/ψ mesons and K∗0 reso-
nances, respectively. The determination of the mass difference from the measurement
of the invariant B-meson masses suffers from detector-resolution effects. To reach the
desired sensitivity, the B-meson momenta are measured in the center-of-mass system,
the Υ (4S) rest frame. Since their energy is also known in the center-of-mass system,
this method leads to the mass difference using the relativistic energy-momentum rela-
tion. For this purpose, three different fit methods are performed to the spectra of the
B momenta. The obtained result is
m(B0)−m(B+) = (+0.33± 0.05± 0.03) MeV/c2 ,
where the first error is statistical and the second estimates the systematic uncertainty
of this measurement, which agrees well with the current world average. However, the
combined error of this measurement is substantially smaller than that in the current
world average, and the significance of m(B0)−m(B+) being non-zero has exceeded
the 5σ level.
Kurzfassung
Diese Arbeit stellt eine Präzisionsmessung der Massendifferenz von neutralen und gela-
denen B-Mesonen, m(B0)−m(B+) vor. Die Messung basiert auf einem Datensatz von
etwa 232 Millionen BB-Paaren, die mit dem BABAR-Detektor am e+e−-Speicherring-
system PEP-II aufgezeichnet wurden. In Ereignissen e+e− → Υ (4S) → BB werden B0-
und B+-Mesonen vollständig in den Zerfallskanälen B+ → J/ψK+ und B0 → J/ψK∗0
rekonstruiert. Für die Rekonstruktion von J/ψ -Mesonen und K∗0-Resonanzen werden
die Folgezerfälle J/ψ → `+`− und K∗0 → K+π− verwendet. Bei der Bestimmung der
Massendifferenz aus den gemessenen invarianten B-Mesonenmassen ist die Präzision
durch die Detektorauflösung limitiert. Um die gewünschte Sensitivität zu erreichen,
werden die B-Mesonenimpulse im Schwerpunktsystem, dem Υ (4S)-Ruhesystem gemes-
sen. Da man auch ihre Energie im Schwerpunktsystem kennt, kann man die Massendif-
ferenz mit Hilfe der relativistischen Energie-Impuls-Beziehung bestimmen. Zu diesem
Zweck wird mit drei verschiedenen Methoden eine Funktionsanpassung an die Spektren
der rekonstruierten B-Impulse durchgeführt. Das erhaltene Resultat ist
m(B0)−m(B+) = (+0.33± 0.05± 0.03) MeV/c2 ,
wobei der erste Fehler die statistische Unsicherheit angibt und der zweite die systema-
tische Unsicherheit dieser Messung abschätzt, welche gut mit dem aktuellen Weltmit-
telwert übereinstimmt. Darüberhinaus ist der zusammengefasste Fehler dieser Messung
wesentlich kleiner als der des aktuellen Weltmittelwertes, und m(B0)−m(B+) ist mit
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The Standard Model of Particle Physics describes very successfully three of the four
currently known fundamental interactions between the elementary particles, the quarks
and leptons in a quantum gauge-field theory. In this theory, gauge bosons with spin 1
mediate the electromagnetic, the weak, and the strong force between the fundamental
particles, fermions with spin 1/2. Even though the predictions of physical observables
from the Standard Model (SM) agree with the measurements of a variety of experiments
it has its limitations, e.g. in the description of physics at higher energies. Moreover,
besides the lack of inclusion of the fourth interaction, gravity, the SM depends on a
substantial number of arbitrary numerical parameters like coupling constants and par-
ticle masses which are not derived from first principles. Therefore, several experiments
try to verify the consistency of the SM by performing high precision tests and search
for evidences of physical effects beyond this model.
1.1 Motivation
Strong interactions between objects of color charge, the quarks and gluons, are de-
scribed within the SM by the Quantum Chromodynamics (QCD), a non-abelian gauge
theory. Hadrons are color-neutral systems either made up of a quark-antiquark pair to
form a meson or consist of three constituent quarks to form a system called baryon.
The masses of these strongly-interacting colorless quark systems are the fundamental
observables in the hadron spectroscopy. The heaviest known hadrons are those which
contain a bottom (b) quark. The lightest of them are the B+ and the B0 meson with
nearly equal mass of about 5.28 GeV/c2 where the light constituent quark besides the
heavy b is the up (u) and the down (d), respectively.
In contrast to the pairs of the lighter charged and neutral pseudo-scalar mesons,
the π, K, and D mesons, very little is known on the value of the mass difference
m(B0)−m(B+) up to date. Our current knowledge from experiment is summarized
by the Particle Data Group (PDG) [1]. The world average for the mass difference of
neutral and charged B mesons is at present (0.37± 0.26) MeV/c2 [2]. However, this
result is dominated by a single measurement of the CLEO collaboration [3] in 1994
although it was recently updated by a measurement of the CDF collaboration [4].
For a calculation of the mass difference between neutral and charged heavy pseudo-
scalar mesons containing either a charm (c) or b constituent quark, the D and B
9
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mesons [5], the two contributing effects can be formed separately in two symmetry-
breaking terms which arise from the description of the heavy mesons within an effective
theory. This theoretical approach uses an expansion in terms of the inverse heavy quark
mass within a theory in the limit of infinite heavy quark masses and of light-quark
flavor SU(3) symmetry. One term is the isospin mass-splitting due to the different
masses of the light constituent quarks u and d. The ratios of the light quark masses
which are the fundamental parameters of the QCD are determined in the framework
of chiral perturbation theory from the light pseudo-scalar mesons [6]. The other mass-
splitting term provides symmetry breaking by the electromagnetic interaction taking
into account the self-energy of the light quark as well as the electromagnetic interaction
between the light quark and the heavy quark.
For D and B mesons, the predicted electromagnetic contribution is of similar mag-
nitude as the one from the light quark masses. In the B-meson system, the two con-
tributions have opposite sign and, therefore, nearly cancel each other. This is in con-
trast to the D-meson system where the two terms have the same sign and thus add
cumulatively. The value for the mass difference m(B0)−m(B+) obtained in [5] is
(0.30± 0.11) MeV/c2.
1.2 Outline
The present work uses fully reconstructed neutral and chargedB-meson decays in events
e+e− → Υ (4S) → BB of a large data sample collected by the BABAR experiment at
the Stanford Linear Accelerator Center. The knowledge of the B-production process
reveals a kinematic constraint which in turn is used to obtain the mass difference
m(B0)−m(B+) with high precision from the measured B momenta in the center-
of-mass system, the Υ (4S) rest frame. Compared to separate determinations of the
invariant B-meson masses m(B0) and m(B+), this method has the advantage that
detector-resolution effects caused by small uncertainties in the magnetic field and in
the energy loss of charged final-state particles are minimized. To reach the desired
sensitivity, the chosen decays for the reconstruction of the B mesons, B+ → J/ψK+
and B0 → J/ψK∗0 using the subsequent decays J/ψ → `+`− and K∗0 → K+π− for
the reconstruction of J/ψ mesons and K∗0 resonances, respectively, are separated into
decay modes where only little contribution of decays with final-state radiation has to
be considered (J/ψ → µ+µ−) and the opposite case (J/ψ → e+e−).
In the following, a brief overview of the BABAR experiment as well as the design and
purpose of the principal detector components are given in Chapter 2. The description
of the analysis in Chapter 3 starts with an overview of the strategy and the data sample,
followed by an introduction in the reconstruction methods within BABAR. This chapter
ends with a detailed description of the event selection containing the reconstructed
neutral and charged B mesons from decays with little contribution of final-state radi-
ation. In Chapter 4, these events are used for the development of a method for the
extraction of the B momenta in the Υ (4S) rest frame. The description of the treatment
of events with the larger contribution of radiative decays is added to the analysis in
Chapter 5. Studies of the estimate of systematic uncertainties in this measurement as
well as additional cross-checks are described in Chapter 6. Finally the result of this




When the idea of an asymmetric e+e− collider, operating at high luminosity at a center-
of-mass (CM) energy equivalent to the mass of the Υ (4S) resonance became technically
feasible, a physics program to study CP -violating asymmetries in neutral B-meson
decays to CP eigenstates became viable, too. This defines the primary physics goal
of the BABAR experiment which is located at the Stanford Linear Accelerator Center
(SLAC) in California, USA. The PEP-II B Factory briefly described in Section 2.1 is an
implementation of such a collider, designed to deliver BB pairs with high luminosity to
BABAR. However, the general-purpose design of the BABAR detector, although optimized
for CP -violation studies, is also well suited for precision measurements of decays of
bottom and charm mesons and τ leptons as well as searches and studies of rare B decays.
Stringent requirements on the detector for achieving the formulated scientific goals are
high performance of the tracking systems, the calorimetry, and particle identification.
An overview of the BABAR-detector components is given in Section 2.2. More detailed
information of the design and performance of all detector systems and the physics at
the BABAR experiment can be found in [7, 8].
2.1 The PEP-II B Factory
The PEP-II asymmetric B Factory shown in Figure 2.1 consists of the Linear Acceler-
ator (LINAC) and the e+e− storage-ring system PEP-II. Electrons and positrons are
accelerated in the LINAC and injected into the high energy e− ring (HER) of PEP-II
with 9.0 GeV and into the low energy e+ ring (LER) with 3.1 GeV, respectively. The
electron beam collides head-on with the positron beam at the interaction region of
PEP-II within the BABAR detector.
The asymmetric configuration of the electron and positron beam energies results
in a CM energy
√
s = 10.58 GeV, corresponding to the mass of the Υ (4S) resonance,
and a Lorentz boost to the Υ (4S) of βγ = 0.55. This lightest bb state above the BB
production threshold decays exclusively to B0B0 and B+B− pairs. The reconstruction
of the decay vertices of the two B mesons becomes possible because of the boost. This
in turn allows the determination of the relative decay time of the B mesons, and thus
the extraction of the time dependence of their decay rates.
Major advantages of the B-meson production-process using e+e− → Υ (4S) → BB
compared to the situation at hadron colliders are the absence of fragmentation prod-
11


















Figure 2.1: Linear Accelerator (LINAC) and PEP-II storage rings.
ucts and therefore very clean events as well as the existence of several kinematic con-
straints1 which allow further reduction of backgrounds. The production cross-sections
for fermion pairs at the Υ (4S) given in Table 2.1 lead to the high signal-to-background
ratio in such an e+e− environment.
Since the BABAR experiment started taking data in 1999, PEP-II delivered an inte-
grated luminosity of about 460 fb−1. BABAR recorded nearly 442 fb−1, including approx-
imately 42 fb−1 data taken slightly below the BB production threshold, about 40MeV
below the Υ (4S) resonance-peak. The latter data sample is used for background studies
by many analyses in BABAR. The design luminosity goal of 3× 1033 cm−2s−1 has been
exceeded by a peak-luminosity record of about 12× 1033 cm−2s−1 achieved in August
2006.
e+e− → bb cc ss uu dd τ+τ− µ+µ− e+e−
σ/nb 1.10 1.30 0.35 1.39 0.35 0.94 1.16 ≈ 40
Table 2.1: Fermion-pair production cross-sections in e+e− annihilation at a CM energy√
s = 10.58 GeV.
2.2 BABAR-Detector Overview
The layout of the BABAR detector and its sub-systems surrounding the PEP-II inter-
action region is shown in Figure 2.2. The inner detector components starting with
the innermost, closest to the water-cooled beryllium beam-pipe are the Silicon Ver-
tex Tracker (SVT), the Drift Chamber (DCH), the Detector of Internally Reflecting
Cherenkov-Light (DIRC) and the Electromagnetic Calorimeter (EMC). These detec-
tor systems are embedded in a magnetic field of 1.5 T produced by a superconducting
solenoid. The Instrumented Flux Return (IFR) is the outermost detector component.
The tracking system for charged particles is made of the SVT which provides posi-
tions and angles for vertex-position measurements just outside the beam pipe and the
1The kinematic variables will be discussed later in Section 3.2.5.
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Figure 2.2: Layout of the BABAR detector and its sub-systems [8]: (1) Silicon Vertex Tracker
(SVT), (2) Drift Chamber (DCH), (3) Detector of Internally Reflecting Cherenkov-Light
(DIRC), (4) Electromagnetic Calorimeter (EMC), (5) 1.5 T superconducting solenoid, and (6)
Instrumented Flux Return (IFR).
DCH which measures not only the momentum but also dE/dx for the particle iden-
tification. However, very important for the identification of charged particles is the
DIRC, especially for the separation of kaons and pions. The EMC is designed for the
electromagnetic-shower detection which allows the reconstruction of low-energy π0 and
η0 mesons as well as the separation of electrons and pions. The IFR provides the in-
formation for the muon identification and detection of neutral kaons. A short overview
of these detector sub-systems is given below in Section 2.2.1 to 2.2.5.
The cylindrical symmetry of the BABAR tracking system is used to define the z-axis
of a right-handed coordinate system. However, this axis is tilted to the beam axis
by about 20 mrad in the horizontal plane. The positive x-axis points away from the
center of the PEP-II storage rings and the positive y-axis points vertically upward. In
addition the whole detector is offset relative to the e+e− beam-beam interaction point
(IP) by 370 mm in the direction of the lower energy (positron) beam to optimize the
geometrical acceptance taking the boost of the e+e− system into account.
13
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2.2.1 Silicon Vertex Tracker
The design of the SVT has been chosen to fit its principal purpose, to provide precise
reconstruction of charged-particle trajectories and decay vertices near the interaction
region. The SVT detector is formed by five concentric double-sided layers of silicon
strip-sensors which are organized in 6, 6, 6, 16, and 18 modules, respectively. The
modules of the inner three layers are straight and tilted in φ to provide full azimuthal
coverage. They are placed at radii of 32, 40, and 54 mm. However, the outer two layer
modules are arch-shaped which minimizes the amount of required silicon to cover the
solid angle, while increasing the particle crossing-angle near the edges of acceptance.
These two layers are divided into two sub-layers, placed at slightly different radii of 91
to 127 mm and 114 to 144 mm to have a suitable overlap in φ. For two schematic views
of the SVT, see Figure 2.3. An orthogonally orientation of the strips on the opposite
sides of each sensor, either parallel or transverse to the beam axis allow precise φ or z
measurements, respectively. The SVT layout gives a geometrical acceptance of 90 % of
the solid angle in the CM system.
The inner three layers performing the impact-parameter measurements give a spatial
resolution for perpendicular tracks of 10 to 15µm. The resolution in the outer two layers
is about 40µm. They provide the required information for pattern recognition, linking
SVT tracks with DCH tracks, and for SVT-standalone tracking of particles with low
transverse momentum, <∼ 100 MeV/c, since these cannot reach the DCH. The latter
feature is fundamental for the identification of slow pions from D∗-meson decays. The
double-sided sensors also provide additional information about the ionization dE/dx
with up to ten measurements per track and a resolution of approximately 14 %.









Figure 2.3: Schematic view of the BABAR SVT: (a) cross-sectional view in the plane perpen-
dicular to the beams [7]; (b) three-dimensional cutaway view [9].
2.2.2 Drift Chamber
The efficient detection of charged particles and the precision measurement of their mo-
menta and angles is the principal purpose of the multi-wire DCH which complements
the information provided by the SVT. The dimensions of the DCH are shown in Fig-
ure 2.4a in a longitudinal cross-section. The DCH consists of 40 cylindrical layers of
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Figure 2.4: BABAR DCH [7]: (a) dimensions (in mm) in a longitudinal cross-section; (b)
specific energy loss, dE/dx, for charged particles, superimposed with Bethe-Bloch predictions;
(c) schematic drift-cell layout for the innermost four superlayers (added lines between field wires
aid in the visualization of the cell boundaries).
and azimuthal directions, respectively. A structure of ten superlayers is defined by ar-
ranging groups of four layers with the same wire orientation and equal numbers of cells.
The cells are formed by one gold-coated tungsten-rhenium sense wire, 20µm in diam-
eter, surrounded by six gold-coated aluminum field wires with a diameter of 120µm.
Spatial resolution along the beam axis is provided by alternating the wire orientation
of the superlayers between axial (A) as well as positive (U) and negative (V) stereo
angles of ±(45 to 76) mrad in the order AUVAUVAUVA, see Figure 2.4c. The DCH
is filled with a 80:20 gas mixture of helium and isobutane and operates typically at
+1960V, applied to the sense wires.
The DCH is required to provide particle identification for charged low-momentum
particles by the measurement of the specific energy loss, dE/dx, derived from the
observed total charge deposited in each drift cell. The average resolution of 7.5 % is
close to the expectation of 7 % which allows kaon-pion separation up to track momenta
of 700 MeV/c. Figure 2.4b illustrates the specific energy loss per track for different
15
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particle types traversing the DCH volume.
The achieved resolution of measured charged track transverse-momenta, pT , given
in GeV/c, is dominated by the DCH and well approximated by the linear function
σpT /pT = (0.13± 0.01) % · pT + (0.45± 0.03) % , (2.1)
whereas position and angle measurements near the IP are dominated by the SVT.
2.2.3 Cherenkov Detector
The DIRC is a high-performance ring-imaging Cherenkov detector, based on the prin-
ciple that angle magnitudes are maintained upon reflection from a flat surface. It has
been designed to provide the information for the identification of charged particles with
momenta above 700 MeV/c which is complementary to the capability of the DCH. The
principles of light production, transport, and imaging are illustrated in the schematic
view of the DIRC in Figure 2.5a.
The radiator material of the DIRC, 144 bars of fused, synthetic silica, each 17.25 mm-
thick, 35mm-wide, and 490 mm-long, grouped by 12 into 12 boxes, is arranged in a
12-sided polygonal barrel. The radiator bars cover about 94 % of the azimuthal angle
and 83 % of the polar angle in the CM system. Relativistic charged particles traversing






if their velocity β = v/c is greater than that of light within the radiator medium of
refractive index n = 1.473. The radiator bars, also serving as light pipes, transport
the Cherenkov radiation by total internal reflection to their backward end. Mirrors are
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(b)
Figure 2.5: BABAR DIRC [10]: (a) schematic of a radiator bar and the imaging region; (b)
fitted Cherenkov angle of tracks from inclusive multi-hadron events vs. the track momentum
predictions for the different particle types (gray solid lines).
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backward-end. The imaging region is placed in the backward end of the detector to
minimize interference with other detector systems in the forward region since particles
are produced preferably in the forward direction because of the beam-energy asymme-
try. Most of the photons arriving at the instrumented end emerge into the standoff box,
which is filled with about 6000 l of purified water. The total internal reflection at the
silica-water interface is minimized because the refractive index of water, n = 1.346 is
reasonably close to that of fused silica. The photons are detected by an array of 10752
densely packed photomultiplier tubes mounted on a approximately toroidal surface at
the rear of the standoff box.
Together with the momentum measurement provided by the tracking system, the
obtained Cherenkov angle θC can be used for a determination of the particle mass
leading to the identification of the particle type. The DIRC achieves an excellent pion-
kaon separation over a wide momentum range, see Figure 2.5b, still about 4σ at 3 GeV/c
which declines to about 2.5σ at 4.1 GeV/c.
2.2.4 Electromagnetic Calorimeter
The EMC is designed to measure electromagnetic showers with excellent efficiency, as
well as high energy and angular resolution over the wide energy range from 20MeV
to 9 GeV. This allows the detection of photons originating for instance from π0 and η
decays as well as the identification of electrons.
The EMC consists of a cylindrical barrel, formed by 5760 crystals arranged in 48
distinct rings with 120 identical crystals each, and a canonical forward endcap hold-
ing 820 crystals arranged in 8 rings. A longitudinal cross-section of the EMC top
half is shown in Figure 2.6. The thallium-doped cesium iodide crystals act as a total-
absorption scintillating medium as well as a light guide which collect the light at the
silicon photodiodes, mounted on their rear surface. The crystals have a tapered trape-
















Figure 2.6: BABAR EMC dimensions (in mm) in a longitudinal cross-sectional view of its top
half [11].
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324 mm in the forward direction to limit effects of shower leakage from increasingly
higher energy particles. The layout of the EMC gives full azimuthal coverage and a
solid-angle coverage of 90 % in the CM system.
Electromagnetic showers typically spread over several adjacent crystals forming
a cluster of energy deposits. An efficient identification of these clusters as well as
the differentiation of single clusters with one energy maximum from merged clusters
with more than one local energy maximum, so-called bumps, are necessary for the
determination if such a bump is generated by a charged or a neutral particle.
The cluster recognition requires at least one seed crystal with an energy above
10 MeV. Surrounding crystals which are either contiguous neighbors of crystals with
a minimum energy of 3MeV or exceed the energy threshold of 1 MeV are considered
as part of this cluster. Clusters with more than one identified local energy maximum
are divided into as many bumps as there are local maxima by an iterative algorithm
determining the energy of the bumps. The tracking information obtained by the SVT
and DCH helps to decide whether a bump was generated by a charged or a neutral
particle after the calculation of the bump position. A neutral candidate is created with
the measured energy and shower shape if a bump cannot be associated with a charged
track by comparing the distance of the projected track impact-point into the EMC and
the bump centroid with the track angle and momentum.
The achieved overall energy resolution, σE/E, and angular resolution σθ = σφ of








⊕ (1.85± 0.12) % (2.3)







The identification of electrons uses the shower energy, lateral shower moments, and
the track momentum for the separation from charged hadrons as well as the requirement
that the dE/dx energy-loss in the DCH and the DIRC Cherenkov-angle have to be
consistent with an electron. However, most important for the hadron discrimination is
the ratio of the shower energy to the track momentum.
2.2.5 Instrumented Flux Return
The superconducting solenoid surrounding the inner detector sub-systems and the seg-
mented flux return provide the 1.5 T magnetic field which enables charged particle
momentum-measurement and serve as hadron-absorber for hadron-muon separation.
The principal component of the magnetic field lies along the positive z-axis, the ap-
proximate direction of the electron beam.
19 layers of single gap Resistive Plate Chambers (RPCs) [12] are installed between
the finely segmented steel plates of the barrel and 18 RPC layers in the two end-doors of
the flux return, as illustrated in Figure 2.7. The nominal gap between the steel plates of
increasing thickness from 20 mm for the inner nine to 100 mm for the outermost plates,
is 35 mm in the inner layers of the barrel and 32 mm elsewhere. For the detection of
particles exiting the EMC, two additional cylindrical RPCs are installed between the




















Figure 2.7: BABAR IFR [7]: barrel sectors (left) as well as forward (FW) and backward (BW)
end doors (right) with indicated dimensions (in mm).
The RPCs, operating in limited streamer mode, detect streamers from ionizing
particles via capacitive readout strips, on both sides of the gap. Their active volume is
filled with a non-flammable gas mixture of argon, freon 134a (CH2F-CF3), and a few
percent isobutane.
The identification of muons relies almost entirely on the IFR, whereas other detector
sub-systems provide complementary information. Charged tracks reconstructed in the
tracking system which meet the criteria for minimum ionizing particles in the EMC are
extrapolated to the IFR taking into account the non-uniform magnetic field, multiple
scattering and the average energy loss.
A continuous significant reduction of the detection efficiency due to problems with
the linseed oil used in the manufacturing of the RPCs have been leading to the decision
to replace the rapidly aging RPCs by Limited Streamer Tubes (LSTs) [13]. Starting
from summer 2004, the replacement of the RPC modules in all sextants of the barrel
has been realized. However, the present analysis uses exclusively the data recorded
before the installation of the LSTs.
2.2.6 Trigger System
Selecting events of interest with a high, stable, and well-understood efficiency while
sufficiently rejecting background events is the basic responsibility of the trigger system.
The total trigger efficiency is required to exceed 99 % for BB events.
The two-level hierarchy of the trigger implementation consists of the Level 1 (L1)
in hardware followed by the Level 3 (L3) in software. The decision of the L1 trigger is
based on charged tracks in the DCH, EMC showers, and IFR detected tracks. Three
specialized hardware processors, the DCH trigger, EMC trigger, and the IFR trigger
process the data and send summary data on the position and energy of particles to the
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Global Level 1 Trigger (GLT). The final trigger decision is issued by the Fast Control
and Timing System (FCTS) based on specific trigger information delivered by the GLT
to initiate an event read-out if a valid trigger remains.
The L3 software algorithms have access to the complete event data and the output of
the L1 trigger processors. The filters operate by refining and augmenting the selection
methods used in L1. The online luminosity monitoring using track-based lepton-pair
selection with well known efficiency as well as the energy scale monitoring through
hadronic filters for the selection of continuum and BB-enriched samples which are
distinguished by an event shape selection are performed in L3. A sensitive measure of
the relative position on the Υ (4S) peak is obtained by the ratio of the BB-enriched




The aim of this analysis is the precise determination of the mass difference between
neutral and charged B mesons, ∆m = m(B0)−m(B+). For this purpose, BABAR data
with fully reconstructed decays B+ → J/ψK+ and B0 → J/ψK∗0 are used1. The anal-
ysis strategy is developed from simulated Monte Carlo (MC) events which are created
to mimic the real data as closely as possible. Therefore a crucial part of this analysis
is the understanding of the event generation in the MC simulation.
In the following, an overview of the strategy and the environment for performing
this analysis as well as of the used data is given in Section 3.1. This overview is followed
by a brief description of the event reconstruction in BABAR and the event pre-selection
within this analysis, see Section 3.2 and Section 3.3, respectively. Finally, the criteria
for the event selection are summarized in Section 3.5 after a detailed presentation of
the method for deriving these criteria from simulated MC events in Section 3.4. In
addition the expectation from the MC event generator is given in Section 3.4, too.
3.1 Analysis Overview
The decays B+ → J/ψK+ and B0 → J/ψK∗0 are chosen because they can be used for
the reconstruction of charged and neutral B mesons with very little background. The
data sample contains approximately 232× 106 BB pairs recorded by the BABAR exper-
iment from the process e+e− → Υ (4S) → BB. For the reconstruction of J/ψ mesons
and K∗0 resonances the subsequent decay channels J/ψ → µ+µ− and J/ψ → e+e− as
well as K∗0 → K+π− are used. The branching fractions for these decays given by the
PDG [1] are listed in Table 3.1. The branching fraction for K∗0 → K+π− follows from
that given for decays K∗0 → Kπ with charged or neutral final-state particles and the
Clebsh-Gordan Coefficients using J = 1/2 and M = −1/2.
3.1.1 Analysis Strategy
The determination of the invariant B-meson masses m(B0) and m(B+) suffers from
small uncertainties in the magnetic field and in the energy loss of the final-state par-
ticles. The combined uncertainty on the reconstructed daughter-particle momenta is
on the level of a few 10−4. However, these tiny errors translate into uncertainties of
1Please note that charge conjugation is implied throughout this document unless stated otherwise.
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B+ → J/ψK+ (1.007± 0.035)× 10−3
B0 → J/ψK∗0 (1.33± 0.06)× 10−3
J/ψ → e+e− (5.94± 0.06)× 10−2
J/ψ → µ+µ− (5.93± 0.06)× 10−2
K∗0 → K+π− ≈ 2/3
Table 3.1: Branching fractions of decays used for the B-meson reconstruction [1].
m(B) on the level of 1MeV/c2 which do not cancel for m(B0)−m(B+). Therefore, this
analysis uses a kinematic constraint derived from the knowledge of the B-production
process e+e− → Υ (4S) → BB to obtain the mass difference, ∆m.
Using the energy-momentum conservation for the decay Υ (4S) → BB in the CM
frame as well as the knowledge of the CM energy,
√





provides the two mass terms for the determination of ∆m from the p∗(B), the B
momenta in the Υ (4S) rest frame:




s/4− p∗2(B+) . (3.2)
Knowing that
√
s = 10.58 GeV and m(B) ≈ 5.28 GeV/c2, gives for the B momentum
in the CM frame p∗(B) ≈ 0.325 GeV/c. This in turn can be used in a Taylor-series
expansion for the two square roots in Equation 3.2 to determine ∆m to very good
approximation from the momentum difference ∆p∗ = p∗(B0)− p∗(B+) by




with 2p∗(B) = p∗(B0) + p∗(B+) and 2m(B) = m(B0) +m(B+) ≈
√
s.
However, taking data at PEP-II, the energy spread of the beams lead to smeared√
s which in turn result in spectra of p∗(B+) and p∗(B0). Compared to the determi-
nation of ∆m from the reconstructed invariant B-meson masses, this method, where
the measured p∗(B) are used, has not only the advantage to minimize the detector-
resolution effects but also a very weak dependence on the uncertainty of
√
s. A variation
of even ±10 MeV leads to a tiny uncertainty on ∆m of about 0.1% or approximately
±0.0003 MeV/c2. Since the momentum difference, ∆p∗, is the same for each
√
s in the
energy distribution within the achieved precision, the means, p̂∗(B+) and p̂∗(B0), of
the two p∗(B) spectra give ∆p∗. For this purpose, fits with analytical functions are per-
formed to the reconstructed p∗ distributions in the following analysis to obtain p̂∗(B+)
and p̂∗(B0), and thus ∆p∗ and ∆m with high precision, only limited by statistics and
measurement systematics.
3.1.2 Analysis Environment
The analysis is performed in two separate steps using two different computing frame-
works. First, a set of n-tuples containing pre-selected events is produced by running the
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analysis code using the standard BABAR software within the BABAR Beta-Framework.
These n-tuples are later analyzed in more detail within ROOT [14], an object-oriented
data-analysis framework. For the sake of completeness, this brief overview describes the
analysis environment by using only the relevant terms and definitions given in common
BABAR language.
The BABAR software is organized and maintained in releases, each containing a self-
consistent set of packages, collections of files intended to perform well-defined tasks.
The first analysis step which produces the n-tuples with pre-selected events is done
at the German Tier A site GridKa by using the BABAR software-release 14.5.5 (also
known as Analysis-23 ) with all recommended additional packages added in order to
make the used code work properly2. The analysis n-tuples are generated by several jobs
of a slightly modified standard executable from the package BetaMiniUser, using the
SimpleComposition package for setting up the event selection and the BtaTupleMaker
package which creates the n-tuple structure. Each single analysis job is setup and
controlled by several files using a scripting language. In addition, a little tool called
Simple Job Manager (SJM) V1.09 [16] is used for the analysis jobs running in the
BABAR Beta-Framework, to manage the job preparation, to run it, and to do some
essential bookkeeping on it. This includes not only the configuration of the used pack-
ages, but also the request of the required input collections of real data or simulated MC
events in small chunks to fit a certain time limit for the job execution. For this purpose,
the Bookkeeping Tool BbkDatasetTcl is used. The BABAR Bookkeeping System keeps
track of the produced data, organized in datasets, that has successfully passed a chain
of checks and is declared to be good for physics analyses. Furthermore, the SJM copes
with the submission of the created analysis jobs into the batch farm for processing and
keeps track of their status.
In the second step, the produced n-tuples containing the pre-selected events are
later analyzed with ROOT V4.04.02g at the Tier C site of TU Dresden. For this final
selection, a self-written package running within the ROOT framework is used, which is
based on a TSelector derived class, generated by parsing the structure of the n-tuple
files and modified to fit the needs of this analysis. The package that provides the
tools for fitting the obtained distributions of the observables from the events passing
all selection requirements is also based on ROOT.
3.1.3 Data Sample
The analysis is done with BABAR data recorded within the first four run periods from
February 2000 to July 2004. These run cycles denote the data-taking periods which
are summarized in Table 3.2. As mentioned before in Section 2.1, the important and
major part of the data is taken at the Υ (4S) resonance which is therefore labeled
as on-peak data. However, a small amount of data is taken at a CM energy about
40 MeV lower. These data, which do not contain BB events since they are taken below
their production threshold, are called off-peak data. A special subset of the available
data produced in a centralized data-processing stage, the Jpsitoll skim, is used which
2The Extra Tags web page for the BABAR software [15] lists package versions, called tags for analysis
releases in the categories labeled Core Bug-Fixes which should be added and Optional Tags which may
not be needed depending on what will be done with a certain release.
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contains only events tagged to fulfill certain requirements for special analyses with
J/ψ → `+`− or ψ(2S) → `+`− decays.
About 210.4 fb−1 run 1 to 4 on-peak data, skimmed in the Release-14 skim cycle
(R14) into the skim Jpsitoll are used as they were returned by the Bookkeeping Tools on
September, 13th 2005. This corresponds to approximately (231.6± 2.6)× 106 produced
BB pairs in e+e− → Υ (4S) → BB. The reported number of produced BB pairs is
obtained by subtracting measured numbers of multi-hadron events in data samples
taken at the Υ (4S) resonance (on-peak) and below (off-peak) [17].
The amount of available skimmed off-peak data for the run cycles 1 to 4 is with
about 21.6 fb−1 only a tenth of the on-peak data amount. This dataset is listed here only
for the sake of completeness, since it contains not enough continuum events e+e− → qq
(q = u, d, s, c) to give useful input for this analysis.
A summary of the skimmed R14 BABAR data, their respective luminosity, L, and




Lon/ fb−1 NBB/106 Loff/ fb
−1
run 1 Feb 2000 Oct 2000 19.44 21.16 ± 0.23 2.33
run 2 Feb 2001 Jun 2002 60.15 66.32 ± 0.73 6.92
run 3 Dec 2002 Jun 2003 30.99 34.00 ± 0.38 2.40
run 4 Sep 2003 Jul 2004 99.76 110.11 ± 1.21 9.94
Table 3.2: Skimmed R14 BABAR-data sample: For each run cycle defined by the data-taking
periods the luminosity of the available on-peak data, Lon and off-peak data, Loff is given together
with the approximate number of decays Υ (4S) → BB, NBB .
3.1.4 Monte Carlo Samples
The criteria for the event selection and the method for deriving the results for ∆p∗
and ∆m from the selected data events are developed in Monte Carlo studies. Samples
containing a comprehensive mixture of simulated B-meson decays in generated events
e+e− → Υ (4S) → BB are used in these studies to analyze the chosen signal decays
as well as the background contribution from other B decays, the combinatorial BB
background. Since this generic BB MC, where the generated B mesons decay into
all measured and expected final states, is available with high statistics, no additional
signal MC is used. The other background not originating from B decays, the hadronic
continuum background is studied from samples of simulated events e+e− → qq with
(q = u, d, s, c). The used skimmed R14 BABAR data from the run periods 1 to 3 and 4
are simulated by skimmed MC samples of the simulation production cycle 5 (SP5) and
6 (SP6), respectively.
For the simulation of generic B decays, the BABAR MC production uses the event-
generator package EvtGen [18, 19] which uses decay amplitudes, instead of probabilities
for the simulation. This package maintains several models which either may handle
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many different decays or might be specialized for the description of a specific decay.
The effects of final-state radiation (FSR), taking also into account the interference
between charged final-state particles, are incorporated in EvtGen with an interface to
the PHOTOS package [20] which adds up to two final-state photons on a generated decay
with an energy cut-off at 1% of the available energy for photon emission. EvtGen uses a
specialized model for the generation of e+e− → qq continuum events at the CM energy
of the on-peak data which in turn uses JETSET [21] for the fragmentation process.
The generation of the underlying physics event is followed by the propagation of the
produced particles through a simulated detector and the calculation of the idealized
energy deposits in this detector. For this purpose a full simulation of the BABAR detector
based on GEANT4 [22] is realized. Finally these energy deposits and their location
information is transformed into realistic signals which look like those collected by the
detector electronics from real data. At this stage, randomly triggered background events
are mixed in which overlays beam backgrounds, detector noise, and other sources to
make the simulation more realistic. Since these detector conditions change over time,
each data-taking period must be represented by a dedicated set of simulated MC events.
The amount of produced generic BB MC which is separately available for the
two modes of generated charged and neutral B-meson pairs comprises 212× 106 and
210× 106 generated B+B− and B0B0 SP5 events, respectively. In SP6 the number of
generated BB pairs is 331× 106 in generic B+B− MC and 336× 106 in generic B0B0
MC. The used samples of generic qq continuum MC are produced in two modes, the
uds MC which contains a mixture of uu, dd, and ss events in the appropriate amounts,
see Table 2.1 and the cc MC. The samples of uds MC are based on 312× 106 and
399× 106 generated events in SP5 and SP6, respectively. The amount of generated cc
events comprises 179× 106 in SP5 and 239× 106 in SP6. A more detailed summary of
the number of generated events in the used MC samples is given in Table 3.3.
From these numbers, the luminosity ratios between corresponding data and MC





by using the fermion-pair production cross-sections given in Table 2.1. The luminosity
ratios for the B+B− and B0B0 MC modes are obtained by assuming equal production




run 1 24.25 28.76 30.17 21.35
run 2 119.36 120.30 177.60 100.08
run 3 67.97 61.31 104.11 57.70
run 4 330.65 336.13 398.79 238.80
Table 3.3: Summary of the amount of generated events in the skimmed R14 BABAR MC
samples given for each run period.
25
Chapter 3. Event Selection
run cycle sB+B− sB0B0 suds scc
run 1 0.441 0.372 1.347 1.184
run 2 0.277 0.275 0.708 0.781
run 3 0.251 0.278 0.622 0.698
run 4 0.166 0.163 0.523 0.543
Table 3.4: These luminosity ratios between corresponding data and MC samples are used for
weighting the MC events if different MC modes or run periods are mixed or combined.
The cross-section sum σuu + σdd + σss gives the ratios for the uds MC mode. Since
these ratios which are given run-wise for each MC sample in Table 3.4 are different,
they are used to weight the MC distributions if events from different run periods or
MC modes are combined or mixed.
3.2 Event Reconstruction in BABAR
The following event-reconstruction procedure is in principle identical for the recorded
real data and the output from the simulation of MC events described above in Sec-
tion 3.1.4. It starts with the reconstruction of charged tracks and neutral clusters from
the digitized signals of real data recorded in the BABAR detector or signals from the
GEANT4-detector simulation. Candidates, basic objects corresponding to individual par-
ticles for a given particle type are defined by particle identification (PID) algorithms.
The identified final-state particle-candidates are then used to reconstruct other par-
ticles in the decay chain. Finally, tagging creates a database of tag variables which
describe the overall event rather than individual reconstructed candidates. The tag
variables are useful for the skim production to select subsets of events with desirable
characteristics required for special analyses.
This section starts with a description of the reconstruction procedures for the rel-
evant final-state particles of this analysis, followed by the required algorithms for the
particle identification. Finally, the principal methods are given for reconstructing other
particles in the decay chain up to the B mesons as well as the definition of kinematic
variables which give useful constraints for an efficient background reduction.
3.2.1 Reconstruction of Charged Tracks and Neutral Clusters
Charged particle track-reconstruction relies on the information provided by the BABAR
tracking-system consisting of the SVT and the DCH. The trajectory of a charged track
which is helix-shaped because of the magnetic field is parametrized by a set of five
independent variables, (d0, φ0, z0, ω, tanλ). These parameters are determined at the
point of closest approach (POCA) to the z-axis. The distances of this point from the
origin of the coordinate system in the x-y plane and along the z-axis are given by d0 and
z0, respectively with its azimuthal angle being φ0. The tracks dip angle relative to the
transverse plane is λ and ω = Q/pT is its signed curvature which depends on the charge
Q and the transverse momentum pT of the particle. The sign of d0 also depends on the
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charge of the track. Taking into account detailed material distribution in the detector
(concerning multiple scattering and energy loss) as well as a full map of the magnetic
field, a Kalman filter [23, 24] is used for track finding and fitting procedures. An
event-by-event list containing all reconstructed charged track candidates with the pion
mass-hypothesis assigned in the track fit is labeled ChargedTracks. A further selection
based on the charged track candidates from this list is performed by the various PID
selectors in order to find the correct particle type and to assign the track fit with the
corresponding mass hypothesis; see Section 3.2.2 for a description of the identification
of particles performed in this analysis.
Although the used decay chains for B+ → J/ψK+ and B0 → J/ψK∗0 do not in-
clude any neutral final-state particles, the reconstruction of photons is required by the
attempt to recover energy losses from bremsstrahlung for electrons which is described
in Section 3.2.4. As described in Section 2.2.4, the cluster-recognition algorithm which
analyzes the energy deposits of electromagnetic showers in the EMC ends up with
single-bump and multi-bump clusters. For every event, all single-bump neutral clusters
which are not matched with any reconstructed track are stored as neutral candidates
with the photon mass-hypothesis assigned in the CalorNeutral list. Taking this list as
input, the GoodPhotonLoose list requires additional criteria from its photon candidates.
The bump energy deposited in the EMC which sums over all associated crystals has to
be at least 30 MeV. The maximum value 0.8 is set for the lateral shower shape which














where N gives the number of crystals associated to the cluster, Ei denotes the deposited
energy in the i-th crystal, descendingly ordered by size and weighted by the square of the
lateral distance ri between the center of this crystal and the energetic shower centroid.
The average distance of two adjacent crystals r0 is approximately 50mm for the BABAR
EMC. The variable LAT is distributed between 0 and 1.
3.2.2 Particle Identification
In the following, the criteria for the identification of e±, µ±, K±, and π± candidates are
summarized. The different types of final-state particles in this analysis are distinguished
by using the combined information provided by all sub-systems of the BABAR detector
in several PID-selector algorithms. Taking candidates from the ChargedTracks list,
three of them, for selecting e±, K±, and π± use a likelihood-based method, whereas
the µ± selector uses a neural net for the identification. Whenever a ChargedTracks
candidate passes a certain selector, the correct track fit with the mass hypothesis for the
corresponding particle type is assigned to it. The PID selectors have typically several
selection levels achieving different efficiencies, the fractions of signal particles accepted
by the selector, and different purity, the fraction of all selected particles belonging to
the signal, which are generally contrary properties. These levels are labeled by the
strength of the selection requirements on the tracks from VeryLoose (most efficient,
but least pure) to VeryTight (most pure, but least efficient). Another measure of the
purity which is used below is the misidentification rate of the PID selector.
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• Electron Identification:
The PidLHElectrons selector [26] uses information obtained from pure data sam-
ples of electrons, pions, kaons, and protons measured in the DCH, EMC, and
DIRC to construct probability-density functions (PDFs). The likelihood ratio fL
is computed from weighted individual likelihoods L built from these PDFs for
each of the particle hypotheses, e, π, K, and p via
fL =
qeL(e)
qeL(e) + qπL(π) + qKL(K) + qpL(p)
(3.6)
by taking the a priori probabilities to qe : qπ : qK : qp = 1 : 5 : 1 : 0.1. This leads
to values of fL which are distributed between 0 and 1. Discriminating variables
used in the PDFs are the specific energy loss dE/dx in the DCH, the ratio of
the deposited energy in the associated EMC cluster and the DCH-measured track
momentum, the lateral shower shape LAT as defined in Equation 3.5, the longitu-
dinal shower shape of the EMC bump, and the Cherenkov angle θC obtained from
the DIRC. The longitudinal shower shape is measured by the difference between
the polar angles of the track intersection-point with the EMC and the shower
center. In the chosen selection level Tight with fL > 0.95, an average electron
identification-efficiency above 90 % is achieved while the hadron misidentification-
rate is less than 1%. Figure 3.1 shows two performance plots, the efficiency and
the pion misidentification-rate versus the track momentum for the forward region
of the EMC barrel which are produced by the BABAR PID Working Group [27].
• Muon Identification:
A neural-network algorithm is used in the selector for the muon identification [28]
where the input variables are mainly provided by measurements in the IFR. The
eight used variables are the deposited energy in the associated EMC cluster, the
measured number of interaction lengths traversed by the track in the BABAR detec-
tor estimated by the last RPC layer hit by the extrapolated track in the IFR, the
p [GeV/c]

















Figure 3.1: Performance of the PidLHElectrons selector [27]: (a) efficiency in the for-
ward region of the EMC barrel with 27.76 < θ < 71.53 ◦; (b) pion misidentification-rate for
32.77 < θ < 60.92 ◦.
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difference between the measured and the expected number of interaction lengths
using muon hypothesis, the χ2/NDoF of the IFR hit strips in the cluster w.r.t.
the track extrapolation, the χ2/NDoF of the IFR hit strips w.r.t. a third order
polynomial fit of the cluster, the continuity of the track in the IFR, and the aver-
age multiplicity of hit strips per layer as well as its standard deviation. From the
two available modes for this selector, one optimized for the muon identification-
efficiency and the other optimized for the pion misidentification-rate, each divided
into four selection levels, the first is chosen with the loosest requirements on the
muon candidates which is called muNNVeryLoose. Plots of the efficiency and the
pion misidentification-rate versus the track momentum are shown in Figure 3.2
for the forward end-door of the IFR.
• Kaon Identification:
Charged kaons are identified by a likelihood-based selector [29] using information
from the two components of the tracking system, the SVT and DCH as well as
from the DIRC. Similar to the above described PID selector for the electron iden-
tification, individual likelihoods are calculated for each of the particle hypotheses
π, K, and p built from three PDFs for the contributing detector sub-systems.
The measured specific energy loss dE/dx in the SVT and DCH compared to the
expectation from the Bethe-Bloch parametrization provide the required informa-
tion for the two likelihoods of the tracking sub-systems. The likelihood for the
DIRC uses the Cherenkov angle θC , the number of detected Cherenkov photons
for the track, and the track quality obtained from the layer of the last DCH hits,
and the energy deposit in the EMC. Finally, cuts on the relevant likelihood ratios
are required depending on the selection level. These are for the chosen selection
p [GeV/c]
















Figure 3.2: Performance of the muNNVeryLoose selector [27]: (a) efficiency for the
forward end-door of the IFR with 17.00 < θ < 57.00 ◦; (b) pion misidentification-rate for
17.00 < θ < 57.00 ◦.
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p [GeV/c]


















Figure 3.3: Performance of the KLHVeryLoose selector [27]: (a) efficiency in the DIRC forward




> 0.5 , (3.7)
L(K)
L(K) + L(p)
> 0.018 . (3.8)
In addition, if the track momentum is above 400MeV/c the track may not pass the
above defined electron selector. Figure 3.3 shows the kaon identification-efficiency
and the pion misidentification-rate versus the track momentum of this selector
for the DIRC forward-region.
• Refined Pion Identification:
For the selection of charged pions, a likelihood-based selector is used, too, which
works like the one described above for the charged kaon identification. In the used
selection level piLHVeryLoose the additional requirements on charged tracks are
L(K)
L(K) + L(π)
< 0.98 , (3.9)
L(p)
L(p) + L(π)
< 0.98 . (3.10)
3.2.3 Composite Candidates
The obtained candidates of final-state particles can now be used to reconstruct other
particles in the decay chain which have not directly left an actual signal in the detector
because they decayed too quickly to be detected. For this purpose, the detected par-
ticles are combined to form composite candidates. A sophisticated way for doing that
beyond the trivial method of simply adding the four-momentum vectors of two candi-
dates without imposing constraints, is the vertexing or kinematic-fitting procedure in
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which physical constraints are used. These constraints governing a particle interaction
or decay to improve the measurements describing the process are differentiated into
geometric and kinematic constraints. The first requires a common decay vertex for the
daughter-particle candidates whereas the latter can be used in several ways like setting
a mass constraint which forces a particle in the decay tree to have a particular mass
or setting a lifetime constraint for a particle or setting a beam-spot constraint that
forces a particle to originate from a particular point, taking the error on that point
into account or simply requiring four-momentum conservation by setting a momentum
constraint.
In this analysis, the reconstruction of the decay trees is done with the package
SimpleComposition by performing geometric and kinematic fits on the built composite
candidates. The used fitters are Cascade, a fast leaf-by-leaf fitter that uses the Newton-
Raphson method for the global χ2 minimization, and TreeFitter which performs a global
decay-chain fit based on a Kalman filter [30]. The momentum constraint is implicitly
applied for both fitters while the geometric constraint is implicitly applied only for
TreeFitter.
3.2.4 Bremsstrahlung Recovery
Since bremsstrahlung, the energy emitted as radiation by an accelerated charged parti-
cle, is proportional to the particles inverse rest mass squared, it is particularly important
for light particles. The electrons traversing through the detector volume lose energy
while interacting with the detector material by emitting bremsstrahlung photons. Such
photons can be detected in the EMC where they leave a signature in the immediate
vicinity of the cluster formed by the electromagnetic shower of the electron.
Taking the reconstructed electrons, an attempt is made to combine each electron
candidate with up to three photons from the GoodPhotonLoose list and thus recover the
energy loss due to emitted bremsstrahlung photons. For this procedure, each accepted
photon candidate is required to have an associated EMC cluster with a polar angle3 θγ in
the range of |θγ − θe| ≤ 35 mrad around the polar angle θe of the electron track. Taking
into account the different sign of the track curvature in the x-y plane for electrons and
positrons, the azimuthal angle φγ has to fulfill
(φγ − φe) ∈
{
[δφe , 50 mrad] for e+
[−50 mrad , δφe] for e−
(3.11)
where φe is the azimuthal angle of the electron track, and δφe is the difference between
the azimuthal angle of the EMC cluster associated to the track and φe. In addition,
the photon candidate must pass the cut on another EMC shower-shape variable, the
Zernike moment [31, 32] A42 which is required to be less than 0.25. The Zernike moment










with the radial function R42(x) = 4x
4 − 3x2 where rj and φj are the radial and angular
separation of the crystal j w.r.t. the cluster center, Ej is the deposited energy in this
3For this procedure, all angles are recomputed w.r.t. the primary vertex of the event.
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crystal, and Etot is the total deposited energy in the N crystals of the cluster. The cut-
off radius ρ0 = 150mm normalizes the radial distances so that the rj/ρ0 vary between
0 and 1.
3.2.5 Kinematic Variables
This section describes two kinematic variables that are commonly used in BABAR anal-
yses of exclusive B-meson decays to separate signal from background, the energy dif-
ference ∆E and the energy-substituted mass mES. These variables can test the B
candidates for the hypothesis of the reconstructed decay in an e+e− → Υ (4S) → BB
environment where the initial state four-momentum is known within small errors and
from the two produced B mesons only the four-momentum of the reconstructed can-
didate is measured whereas the rest of the event is unobserved. This pair of Lorentz-
invariants is largely uncorrelated and makes optimum use of the available information.
The definition of the energy difference ∆E can be given in Lorentz invariant form
∆E = (2qi · qB − s)/2
√
s (3.13)
where the Lorentz vectors qi = (Ei, pi) = qe+ + qe− and qB = (EB, pB) represent the
four-momentum of the initial e+e− system and of the reconstructed B candidate, re-
spectively, and s ≡ q2i = 4E∗2beam is the total CM energy squared. The expression for
∆E in the CM frame, where pi = 0 gives the more familiar form
∆E = E∗B − E∗beam . (3.14)
The ∆E distribution which is expected to peak at zero for well reconstructed B mesons
is dominated by the detector resolution although it receives a sizable contribution from
the energy spread of the beams.
The energy-substituted mass mES expressed in the laboratory frame, where it can
be determined from the measured momentum pB of the B candidate without explicit
knowledge of the masses of the decay products takes the form
mES =
√
(s/2 + pi · pB)2/E2i − p2B . (3.15)
The value of this variable is very close to a more familiar form calculated in the CM
frame, m′ES =
√
E∗2beam − p∗2B . The latter is identical to Equation 3.1, the principal
formula for the determination of the mass difference ∆m from p∗(B), the B-meson
momenta in the CM frame. As we will see later in Section 4.2.1, the resolution in mES
and m′ES is dominated by the energy spread of the beams.
3.3 Pre-Selection
The pre-selection of events from the Jpsitoll skim with B candidates reconstructed ei-
ther in B+ → J/ψK+ or in B0 → J/ψK∗0 decays uses the tools and methods described
above in Section 3.2. It starts with running a tag filter that allows to read the full event
information for the reconstruction procedure only if the event fulfills the requirement
on the desired tag variables. The selection criteria for the events in general and for the
particle candidates forming the decay tree are summarized in the following:
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• Event Tag Filter:
The definition of the R14 skim Jpsitoll requires multi hadron events with the
tag bit BGFMultiHadron set which is defined by the L3 trigger information to
contain at least three charged tracks and to pass a cut on the event-shape variable
R2, the normalized second order Fox-Wolfram moment [33] with R2 < 0.98. This
normalized moment is given by the ratio
R2 = H2/H0 (3.16)









of pairs of charged tracks i and k with the CM momentum p∗ and an opening
angle θik. E∗tot is the total CM energy-sum of all charged tracks in the event and
P0 = 1 as well as P2 = (3x2 − 1)/2 are the Legendre polynomials. R2 ranges from
0 to 1 and is indicative of the collimation of the event topology. Values closer to
zero indicate a more spherical event, which is the case for BB events whereas the
more jet-like qq events will give R2 values closer to one.
The events of the Jpsitoll skim have at least one out of four other tag variables
set (JpsiELoose, JpsiMuLoose, Psi2SELoose or Psi2SMuLoose) which basically
tag events containing J/ψ → `+`− or ψ(2S) → `+`− candidates with (l = e, µ)
after a rough selection. However, these requirements are not listed here, since
they are superseded by the criteria on J/ψ candidates described below.
• J/ψ Candidates:
J/ψ candidates are reconstructed by combining two oppositely charged tracks
with a lepton PID for both daughters either as muons or as electrons, see Sec-
tion 3.2.2. The decay trees J/ψ → µ+µ− and J/ψ → e+e− are formed using the
Cascade vertex fitter applying a geometrical constraint which forces the two lep-
tons to originate from a common vertex. The χ2 probability of the vertex fit
forming the J/ψ candidate is required to be P(χ2J/ψ ) > 10
−5 to suppress random
lepton-pair combinations that most probably not originate from a common decay
vertex. Besides this consistency check further reduction of combinatorial back-
ground is achieved by a constraint on the invariant mass of the formed particle.
Therefore, J/ψ → µ+µ− candidates are accepted only if the invariant mass of the
µ+µ− pair satisfies 2.9 < m(µ+µ−) < 3.3 GeV/c2. For J/ψ → e+e− candidates
bremsstrahlung recovery is applied as described above in Section 3.2.4. The re-
quirement on the invariant mass of the e+e− pair is 2.7 < m(e+e−) < 3.3 GeV/c2.
• K∗0 Candidates:
Two oppositely charged tracks are combined using Cascade with a geometrical
constraint to form aK∗0 candidate if one track passes the requirements of the kaon
selector and the other the criteria of the pion selector. The K∗0 candidates are
accepted if the probability of their vertex fit is P(χ2K∗0) > 10
−5 and their invariant
Kπ-mass lies in the interval 0.75 < m(K+π−) < 1.05 GeV/c2 which corresponds
approximately to m(K∗0)PDG ± 3 Γ(K∗0)PDG using the values for the mass and
width of K∗0 resonances quoted by the PDG in [1].
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• B+ and B0 Candidates:
Every J/ψ candidate found is combined with each successfully identified kaon to
form a B+ or B− candidate. B0 candidates are formed by combining every J/ψ
candidate with every K∗0 candidate. Each B-candidate vertex is reconstructed
by fitting the whole decay chain after invalidating all previous fits in the tree
using TreeFitter. The fit probability of accepted B candidates are required to
be P(χ2B) > 10−5. In addition, the two above in Section 3.2.5 defined kinematic
variables, ∆E and mES are used for further background suppression. The B can-
didates are accepted if they satisfy |∆E| < 0.2 GeV and 5.2 < mES < 5.3 GeV/c2.
The information of all events with at least one successfully reconstructed charged or
neutral B candidate passing these selection requirements which are also summarized in
Table 3.5 are filled into a n-tuple structure for the further analysis. The above described
reconstruction procedure selects many events containing multiple B candidates which
may share common daughter particles in the decay tree. The treatment of those events
will be described later in Section 3.5.4 after the final event and B candidate selection
is described.
Fox-Wolfram moment R2 < 0.98
Lepton PID PidLHElectrons or muNNVeryLoose
J/ψ vertex-fit probability P(χ2J/ψ ) > 10
−5
2.9 < m(µ+µ−) < 3.3 GeV/c2Invariant lepton-pair mass
2.7 < m(e+e−) < 3.3 GeV/c2
Kaon PID KLHVeryLoose
Pion PID piLHVeryLoose
K∗0 vertex-fit probability P(χ2K∗0) > 10
−5
Invariant Kπ mass 0.75 < m(K+π−) < 1.05 GeV/c2
B fit probability P(χ2B) > 10−5
Energy difference |∆E| < 0.2 GeV
Energy-substituted mass 5.2 < mES < 5.3 GeV/c2
Table 3.5: Summary of the requirements on the pre-selected events with reconstructed
B+ → J/ψK+ and B0 → J/ψK∗0 candidates.
3.4 Studies on Simulated Monte Carlo Events
Besides the information from the reconstruction, the MC events also contain the true
information of the decay tree from the event generator, e.g. all types and momenta
of the produced particles in the simulated events. This MC-Truth information can be
used to study the expectation for the mass difference, m(B0)−m(B+) as well as for
the B momenta in the CM frame, p∗(B0) and p∗(B+) on which the strategy for this
analysis is based on. This expectation will allow the development and validation of
a method for the extraction of the desired information from real data based on the
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simulated MC samples. A description of this expectation from the MC events is given
below in Section 3.4.1.
Another useful feature is the possibility to connect the information from the event
reconstruction with that from the event generator. Within the BABAR Beta-Framework
the truth-matching algorithm associates the reconstructed basic objects like charged
tracks and neutral clusters with the corresponding entry from the list of generated
particles. This is done by determining the particle which caused the observed detector
signals assigned to a reconstructed object. However, this procedure is for various rea-
sons not a perfect assignment and therefore doesn’t give always the right answer. For
instance, an observed detector signal may be caused by an overlap of contributions from
two different particles or may be assigned to the wrong reconstructed object. Never-
theless, the failure rate of this truth-matching procedure is very small and therefore, it
can be used for a separation and classification of the selected composite candidates, see
Section 3.4.2, to study the properties of the pure signal and the various backgrounds.
3.4.1 Expectation from the MC Event Generator
The expectation for the mass difference m(B0)−m(B+) and the B momenta in the
CM frame, p∗(B0) and p∗(B+) can be obtained, based on the input of the MC event
generator. The BABAR MC event generator EvtGen uses for the neutral and charged
B-meson mass the following values:
m(B0)EvtGen = 5279.4 MeV/c2
m(B+)EvtGen = 5279.1 MeV/c2 .
(3.18)
leading to the “nominal” MC value for the mass difference:
∆mEvtGen = +0.30 MeV/c2 . (3.19)
In the MC simulation, the momentum vectors of the electron beam with an energy
of 8.9900 GeV and the positron beam with an energy of 3.1118GeV are smeared with
Gaussian distributed random numbers using a standard deviation of 5.5 MeV/c and
2.9MeV/c, respectively, to simulate the energy spread of the beams. This leads to a
Gaussian
√
s distribution of the e+e− collisions with a mean of 10.5783GeV and a
standard deviation of 5.9MeV, see Figure 3.4d. However, the
√
s distribution of BB
events is different from this Gaussian because of the Υ (4S) line-shape. In the MC








with M = 10.575 GeV and Γ = 0.019 GeV, multiplied by a phase-space factor
PS(s) =
{
0 s ≤ 4m2(B0)√
s− 4m2(B0)/s s > 4m2(B0)
, (3.21)
see Figures 3.4a to 3.4c. This leads to the asymmetric
√
s distribution of the gen-
erated BB events shown in Figure 3.4e with a maximum at 10.5777 GeV, a mean of
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Figure 3.4: The event generator for the BABAR MC uses a relativistic Breit-Wigner (a) multi-
plied with a phase-space factor (b) to model the Υ (4S) line-shape (c) which together with the
generated Gaussian distributed
√
s of the e+e− collisions (d) gives the
√
s distribution of the
produced BB events (e) leading to the p∗ spectra of B0 and B+ in (f) and (g), respectively.
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10.5779GeV and a standard deviation, taken as the square root of the second central
moment4 of 4.8MeV. The shape of the resulting p∗(B0) and p∗(B+) distributions follow




























using the relation in Equation 3.1 solved for
√
s. The means of the two p∗ distributions
which are shown in Figures 3.4f and 3.4g are
p̂∗(B0)gen = 315.34 MeV/c
p̂∗(B+)gen = 320.42 MeV/c
(3.23)
and give −5.08 MeV/c for the difference ∆p∗gen = p̂∗(B0)gen − p̂∗(B+)gen and 0.306 MeV
for ∆mgen using Equation 3.2 which is very close to the “nominal” value in Equa-
tion 3.19. The standard deviations of these generated p∗ spectra are
σp∗(B0)gen = 41.4 MeV/c
σp∗(B+)gen = 40.6 MeV/c .
(3.24)
3.4.2 Definition of Monte Carlo Classes
The criteria for the final candidate selection are derived from simulated MC events
with reconstructed composite candidates. Their truth information is very important
and used for a separation of the selected composite candidates to study the properties of
signal and background events. For this purpose, all reconstructed composite candidates
(B+, B−, B0, B0, J/ψ , K∗0, and K∗0 candidates) in the MC samples are separated
into three classes which are defined by the truth-matching algorithm. These classes are:
• type-1:
fully truth-matched (as described below) composite candidates without any extra
photons neither in the decay tree of the respective MC-Truth candidate nor in the
reconstructed decay tree. The latter applies only for reconstructed decays where
photons were added to the decay J/ψ → e+e− by the bremsstrahlung-recovery
algorithm. This is necessary since the truth-matching procedure is not used for
reconstructed photon candidates.
• type-2:
nearly full truth-matched composite candidates which contain at least one extra
photon either in the reconstructed decay tree, added by the bremsstrahlung-
recovery procedure for the electrons or in the MC-Truth decay-tree where it
means either a photon from internal (added by PHOTOS) or external (simulated
by GEANT4) bremsstrahlung.
• type-3:
composite candidates without a full truth-match, made of at least one random
component (track or composite) from other decays. This class contains mainly
4Throughout this document, the term standard deviation is not only used for the Gaussian normal-
distribution but also in general for the square root of the second central moment of any distribution.
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combinatorial BB background since the contribution from qq events is rather
small.
In the case of B0 → J/ψK∗0 candidates, the Kπ final-state can be reached directly from
non-resonant B0 → J/ψK+π− decays, too. These background events, which would be
classified with the above described definition only as a sub-class of type-3, will be
treated separately in a fourth class:
• type-4:
fully truth-matched B0 → J/ψK+π− candidates, with K+π− not from the decay
of a K∗0 resonance. This class is only defined for B0 and B0 candidates.
The class of type-3 candidates are separated into several sub-classes to distinguish
between the various sources of these background events. In generic BB MC the charge
type between the generated BB event and the decay mode of the reconstructed B
candidate is used for this purpose. Type-3-r denotes combinatorial background from
BB events if these charge types are equal and therefore the composite candidate is
reconstructed in the decay mode where the B has the “right” charge compared to the
generated BB pair. In the opposite case the type-3 candidate is labeled type-3-w,
since it is reconstructed in the decay mode with the “wrong” charge type of the B.
In principle, a similar definition of sub-classes could be used to separate the type-1
and type-2 candidates of J/ψ mesons and K∗0 resonances by comparing the MC mode
with the generated BB event and the reconstructed B-decay tree. However, since this
separation would be useful only for deriving selection requirements where it won’t be
used at all (instead only J/ψ and K∗0 candidates are used where the B has the “right”
charge compared to the MC mode). In generic qq datasets one gets obviously only
type-3 B-candidates. They are called either type-3-uds or type-3-cc w.r.t. the MC
mode in which these events were generated.
The used truth-matching algorithm to assign a reconstructed B candidate to one of
the above defined classes follows the procedure described below starting with composite
candidates in its decay tree which are formed by tracks only:
1. All (charged) daughter tracks of a composite candidate are required to be truth-
matched as tracks, each with the right PID and charge, which have a common
mother together with any composite daughter which is already truth-matched as
type-1 or type-2 candidate.
2. This common mother must have the right particle type.
3. The common mother is required to have no further daughters besides the ones
already found by the truth-matching of the composite-candidate daughters in the
first step above.
Composite candidates reconstructed from tracks only have to pass all three criteria
to be called type-1. They are treated as type-2 candidates if they either missed the
last requirement and the additional daughters are photons (in this case we found a
composite candidate that was produced with the emission of internal bremsstrahlung);
or any of the tracks has a truth-match with a photon daughter (indicating the emission
of external bremsstrahlung).
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The three criteria above are used for each composite candidate in the decay tree in a
sequence, e.g. for a B0 → J/ψ (→ µ+µ−)K∗0(→ K+π−) first for J/ψ and K∗0 and then
for B0. To call a composite candidate which is formed by one ore more composites
itself a type-1 candidate, each of the composites in the decay tree has to be type-1
candidate itself, e.g. in the example above the B0 can be a type-1 candidate only if
the J/ψ and the K∗0 are type-1 candidates, too. To call such a composite a type-2
candidate, all daughter composites have to be of type-1 or type-2. The case of type-4
B0B0 candidates is similar to the charged type-1 B candidates but with an additional
truth-matched pion daughter of the B. In all other cases the candidate is classified as
type-3.
3.5 Selection Criteria for Events with J/ψ → µ+µ−
In the following, the procedure is described which is used for deriving the selection
criteria for the final sets of charged and neutral B candidates to study their p∗ dis-
tributions. This procedure is developed on the MC samples of simulated events. I
will first concentrate on reconstructed B decays containing only J/ψ → µ+µ− because
those decays have only a small contribution of radiative processes which have to be
taken into account and result in reconstructed type-2 candidates. Therefore, the sec-
ond step of the candidate selection described below is developed from MC events using
B+ → J/ψ (→ µ+µ−)K+ and B0 → J/ψ (→ µ+µ−)K∗0(→ K+π−) decays only. Fur-
thermore, only these decays are used to derive a method for obtaining ∆p∗ and ∆m
later on the data before the B decays containing J/ψ → e+e− are taken into account
again.
The tighter selection requirements on the variables, which were already used in the
pre-selection described in Section 3.3 and newly defined cuts will be motivated by their
distributions using the MC classes introduced above in Section 3.4.2 for a separation
into pure signal and background. For these studies the desired distributions of the
selected MC events are weighted run-by-run to their corresponding data luminosity
using the ratios given in Table 3.4 if different MC modes or run periods are mixed or
combined, see Section 3.1.4.
3.5.1 Selection of J/ψ Candidates
The requirement on the vertex-fit probability of the J/ψ candidates is tightened to
P(χ2J/ψ ) > 10
−4. An additional selection criterion to the helicity angle ϑHELI, the angle
between the flight direction of a muon and the direction of the B in the J/ψ rest frame, is
applied with | cosϑHELI| < 0.9; for the distributions from reconstructed B+ → J/ψK+
and B0 → J/ψK∗0 decays and a demonstration of the allowed interval in the further
selection see Figures 3.5a and 3.5b. This cut is intended to remove mainly combinatorial
background from qq events, nevertheless this cut is not optimized w.r.t. the rejection
of this qq background and the signal efficiency. The cosine of the helicity angle can be
calculated using the Lorentz-invariant notation
cosϑHELI =
(qB · qµ)m2J/ψ − (qB · qJ/ψ )(qJ/ψ · qµ)√(




(qJ/ψ · qµ)2 −m2J/ψm2µ
) (3.25)
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Figure 3.5: Distributions of the cosine of the helicity angle for J/ψ → µ+µ− candidates recon-
structed in decays B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b) selected from the combined run 1
to 4 dataset of simulated MC events. The several candidate classes are summed with different
color each, as labeled in (c). The chosen requirement on cosϑHELI for the further candidate
selection is given by the interval marked by the two vertical lines.
where the Lorentz vectors qB, qJ/ψ , and qµ represent the four-momenta of the B, J/ψ ,
and µ candidates in the reconstructed decay tree measured in any frame of reference
and give the invariants mB = |qB|, mJ/ψ = |qJ/ψ |, and mµ = |qµ|, respectively.
For further reduction of the combinatorial background, the pre-selection cut on
the invariant µ-pair mass is tightened. For this purpose, the mean m̂ and the stan-
dard deviation σm are obtained in an iterative process from the distributions of re-
constructed type-1 J/ψ -candidates in BB MC events within an interval m̂± 3σm
which in turn is used to define the allowed range for accepted J/ψ → µ+µ− candi-
dates. This is done separately for the simulated data of each run period and for
each B-decay mode where B+ → J/ψK+ and B0 → J/ψK∗0 are reconstructed only
in B+B− and B0B0 events, respectively to avoid any possible bias from true J/ψ can-
didates in type-3-w B decays. The obtained values are given in Table 3.6 and agree
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Figure 3.6: Distributions of the invariant µ+µ− mass of reconstructed J/ψ candidates in
simulated run 1 to 4 B+B− (a) and B0B0 events (b) with different color for each candidate
class, see (c). The chosen requirement on m(µ+µ−) for the further candidate selection is given
by the interval marked by the two vertical lines.
well with the input value of the J/ψ mass which is used in the BABAR MC event-
generator, m(J/ψ )EvtGen = 3096.88 MeV/c2 whereas the world average quoted by the
PDG is m(J/ψ )PDG = (3096.916± 0.011) MeV/c2 dominated by the measurement of a
single experiment [34]. From these eight pairs of m̂ and σm, the weighted mean is calcu-
lated using their statistical errors δ as weights w with w = 1/δ2 which gives an average
invariant muon-pair mass of (3097.13± 0.06) MeV/c2 with an average standard devia-
tion of (13.08± 0.04) MeV/c2. Only the run 1 results for σm show a more than−3 δ devi-
ation from the weighted mean of the standard deviations obtained from the other runs,
whereas the corresponding run 1 m̂-values do not show this behavior. Nevertheless, the
allowed range for the invariant µ+µ− mass is defined by using the information from
all run periods as (3097± 40) MeV/c2, which gives 3.057 < m(µ+µ−) < 3.137 GeV/c2
for the final requirement on m(µ+µ−) for accepted J/ψ → µ+µ− candidates. The
two plots in Figure 3.6 show the invariant muon-pair mass-distributions with different
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run 1 B+B− 3096.66 ± 0.37 12.19 ± 0.26
run 2 B+B− 3097.14 ± 0.18 13.16 ± 0.12
run 3 B+B− 3097.26 ± 0.24 12.99 ± 0.17
run 4 B+B− 3096.86 ± 0.11 13.15 ± 0.08
run 1 B0B0 3097.12 ± 0.35 12.30 ± 0.25
run 2 B0B0 3097.41 ± 0.19 13.13 ± 0.13
run 3 B0B0 3097.20 ± 0.26 12.98 ± 0.19
run 4 B0B0 3097.34 ± 0.12 13.15 ± 0.08
Table 3.6: Obtained means m̂ and standard deviations σm of the invariant µ+µ− mass-dis-
tributions from the reconstructed type-1 J/ψ -candidates in simulated B+B− and B0B0 MC
events, separately for each run period.
color for each contributing MC class of the J/ψ candidates in reconstructed decays
B+ → J/ψK+ and B0 → J/ψK∗0 of simulated B+B− and B0B0 events, respectively.
In both figures, the final cut is visualized by the two vertical lines.
3.5.2 Selection of K∗0 Candidates
All K∗0 candidates are required to have a vertex-fit probability of P(χ2K∗0) > 10
−4 to
pass the selection. The width of the invariant Kπ-mass distribution of type-1 K∗0 can-
didates is dominated by the natural width Γ(K∗0) = 50 MeV, in contrast to the width
of the invariant µ-pair mass-distribution of type-1 J/ψ candidates, which is dominated
by the detector resolution. K∗0 candidates are accepted if their invariant Kπ mass
lies within the interval 0.796 < m(K+π−) < 0.996 GeV/c2 which in turn is equivalent
to the requirement that m(K+π−) has to lie within m(K∗0)PDG ± 2 Γ(K∗0)PDG. The
invariant Kπ-mass distributions for the three MC classes of the K∗0 candidates recon-
structed in B0 → J/ψK∗0 from simulated B0B0 events are shown in Figure 3.7 together
with the required cut criterion. However, this requirement has to be tightened later in
Section 4.3 in order to reduce the amount of selected combinatorial background, the
type-3 B0-candidates.
3.5.3 Selection of B0 and B+ Candidates
As already done before for J/ψ and K∗0 candidates, the χ2 probability of the decay-tree
fit is tightened for all accepted B candidates which have to fulfill P(χ2B) > 10−4. The
reconstructed type-1 decays from the BB MC datasets, separately for each run period
are used to determine the final cut on the kinematic variable ∆E. For deriving this
requirement, the same procedure is used as described above in Section 3.5.1 for the cut
on the invariant µ-pair mass. The obtained values for the mean, ∆̂E and the standard
deviation, σ∆E of the type-1 ∆E-spectra within an interval of ∆̂E ± 3σ∆E which
is chosen to define the allowed range in ∆E of accepted B candidates are summa-
42
3.5. Selection Criteria for Events with J/ψ → µ+µ−
 -2) / GeVcπm(K




































Figure 3.7: Distribution of the invariant Kπ mass of reconstructed K∗0 candidates in simu-
lated run 1 to 4 B0B0 events (a) with different color for each candidate class, for a legend see
(b). The chosen requirement on m(K+π−) for the further candidate selection is given by the






run 1 B+B− −0.5 ± 0.6 17.9 ± 0.4
run 2 B+B− 0.0 ± 0.3 19.1 ± 0.2
run 3 B+B− −0.2 ± 0.4 19.0 ± 0.3
run 4 B+B− −0.4 ± 0.2 18.9 ± 0.1
run 1 B0B0 −0.6 ± 0.6 16.8 ± 0.4
run 2 B0B0 −0.1 ± 0.3 18.3 ± 0.2
run 3 B0B0 −0.9 ± 0.4 17.9 ± 0.3
run 4 B0B0 0.2 ± 0.2 18.0 ± 0.1
Table 3.7: Means ∆̂E and standard deviations σ∆E of the ∆E spectra from reconstructed
type-1 decays B+ → J/ψK+ and B0 → J/ψK∗0 in simulated BB events, separately for each
run period.
rized in Table 3.7. As expected, these means are well compatible with zero. Again
the weighted mean is calculated from these pairs using their statistical error δ as
weights w = 1/δ2 but unlike before for m(µ+µ−), this is done separately for the two
B-reconstruction modes B+ → J/ψK+ and B0 → J/ψK∗0. The average means are
found to be (−0.3± 0.1) MeV for B+ and (0.0± 0.1) MeV for B0 with the standard
deviations of (18.9± 0.1) MeV and (18.0± 0.1) MeV, respectively. Since these weighted
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Figure 3.8: ∆E distributions of reconstructed decays B+ → J/ψK+ (a) and B0 → J/ψK∗0
(b) with J/ψ → µ+µ− in simulated run 1 to 4 MC events where the contribution of each
B-candidate class is given in a different color as labeled in the legend (c). The chosen interval
for accepted candidates is marked by the two vertical lines.
means lead to very similar intervals of ±3σ∆E , the requirement on ∆E for accepting a
B candidate is chosen to −55 < ∆E < 55 MeV for both reconstruction modes. The two
∆E distributions are shown in Figure 3.8a and 3.8b where the contribution of each MC
class is labeled with a different color and the chosen selection requirement is marked
by two vertical lines.
This requirement on ∆E is the most powerful cut for the background reduction
used in this analysis. Although there is a small correlation between ∆E and p∗ this
is not very important for the extraction of the mean value p̂∗(B) since the chosen
criterion for the ∆E of accepted B candidates covers a wide range with most of the
correct reconstructed B mesons. Nevertheless, this correlation and its influence on the
obtained p̂∗(B) has to be studied carefully later when the cut on ∆E is tightened for
the decay mode B0 → J/ψK∗0 in order to reduce the contribution of selected (type-3)
background B0-candidates further which is described in Section 4.3. The requirement
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on the other kinematic variable, mES, which also has been used already in the pre-
selection cannot be tightened any further since mES and p∗ are highly correlated.
3.5.4 Events with Multiple B Candidates
Once all of the above defined requirements are applied to the reconstructed B candi-
dates either in B+ → J/ψ (→ µ+µ−)K+ or B0 → J/ψ (→ µ+µ−)K∗0(→ K+π−) decays
from the pre-selected events of the four MC modes, generic B+B−, B0B0, cc, and uds,
the number of selected B candidates in the several MC classes, type-1, type-2, type-
3-r, type-3-w, type-3-cc, type-3-uds, and type-4, the latter only for B0, are counted
and compared to the number of selected events. It turned out, that an additional
requirement is needed, since the final data samples still contain events with multiple
B candidates which have successfully passed all of the above defined cuts and which
most probably have common particle candidates in their reconstructed decay trees.
The weighted numbers of events with 2, 3 or even 4 B candidates and their relative
contribution to the amount of selected events are given in Table 3.8, separately for
each of the two B-decay modes and the MC mode B+B− and B0B0. However, only
the two generic BB MC datasets lead to events where multiple B candidates are se-
lected but not the MC datasets containing generic qq events. To summarize, the tiny
fraction of about 0.13 % of the selected BB events with reconstructed B+ → J/ψK+
decays contain two B candidates. In the selected BB events with reconstructed decays
B0 → J/ψK∗0 about 3.46 % contain two B candidates, the tiny fraction of 0.11 % even
three, and negligible 0.02 % have four B candidates.
As additional requirement for the events with multiple selected B candidates, the
χ2 probability from the decay-tree fit with TreeFitter , P(χ2B) is used for the decision
which of these B candidates to keep for the further analysis of their p∗ distributions by
choosing the “best” B in the event with the largest P(χ2B).
The obtained numbers of selected B candidates/ events for each MC class after
applying all selection requirements including the “best”-candidate criterion are given
in Table 3.9, weighted run-by-run and per MC mode with the luminosity ratios from
Table 3.4. However, it should be noted again that the MC sub-classes of type-3 for the
specification of the combinatorial BB background (type-3-r and type-3-w) in the two
B-decay modes for the candidate reconstruction are differentiated by the generation
process of the underlying event, e.g. type-3-w B+-candidates denote combinatorial
background from B0B0 events while their reconstruction in B+ → J/ψK+ passes all
selection requirements whereas type-3-w B0-candidates are combinatorial background
from decays of B+B− events.
All requirements for the selection of events with one charged or neutral B candi-
date reconstructed in decays B+ → J/ψK+ or B0 → J/ψK∗0 and the subsequent decay
J/ψ → µ+µ− from the dataset of the pre-selected events passing the criteria in Table 3.5
are summarized in Table 3.10 including the choice of one “best” B-candidate in each
event. The MC events passing this selection are used in the following to analyze the
p∗ distributions and to develop a fit method that allows the extraction of the p̂∗(B0)
and p̂∗(B+) values from real data. Once this is done, the B decays with reconstructed
J/ψ → e+e− candidates are taken into account again using the experience gained from
the study of the decay modes with J/ψ → µ+µ−.
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dataset & 2 3 4 2 3
reco. mode cands. in B0B0 MC in B+B− MC
run 1 B+ 0 0 0 1.3 0
run 2 B+ 0.3 0 0 1.1 0
run 3 B+ 0 0 0 0.5 0
run 4 B+ 0.5 0 0 3.2 0
run 1 B0 14 1.5 0 0.9 0
run 2 B0 34 0.6 0.3 3.0 0
run 3 B0 19 0.3 0 1.8 0
run 4 B0 60 1.8 0.3 4.5 0.3
B+ → J/ψK+ 4.19% 0 0 0.12 % 0
B0 → J/ψK∗0 3.57 % 0.11% 0.02 % 3.10 % 0.10%
Table 3.8: Weighted number of events with multiple selected B candidates with J/ψ → µ+µ−
decays in the simulated run 1 to 4 data of B+B− and B0B0 events passing all selection require-
ments. On the bottom of the table their relative contribution to all selected events in each




-r -w -cc -uds
run 1 B+ 422 34 7 2.2 0 2.7
run 2 B+ 1366 119 13 4.7 19 19
run 3 B+ 627 53 7 2.2 6 6
run 4 B+ 2153 177 20 9 14 14
run 1 B0 293 23 8 37 33 7 5
run 2 B0 859 69 23 84 90 16 10
run 3 B0 444 41 12 48 53 7 5
run 4 B0 1374 114 34 130 152 16 9
B+ → J/ψK+ 89.7% 7.5 % 0.9 % 0.4 % 0.7% 0.8 %
B0 → J/ψK∗0 74.3% 6.2 % 1.9% 7.5 % 8.2 % 1.2% 0.7 %
Table 3.9: Weighted number of selected B candidates with decays J/ψ → µ+µ− in the several
MC classes from the datasets of simulated run 1 to 4 events passing all selection requirements
including the “best”-candidate choice. On the bottom of the table the relative contribution of
each MC class compared to all selected candidates is given for the combined run 1 to 4 MC
dataset.
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J/ψ vertex-fit probability P(χ2J/ψ ) > 10
−4
J/ψ helicity-angle | cosϑHELI| < 0.9
Invariant µ-pair mass 3.057 < m(µ+µ−) < 3.137 GeV/c2
K∗0 vertex-fit probability P(χ2K∗0) > 10
−4
Invariant Kπ mass 0.796 < m(K+π−) < 0.996 GeV/c2
B fit probability P(χ2B) > 10−4
Energy difference |∆E| < 55 MeV
Multiple B candidates per event “best” P(χ2B)
Table 3.10: Summary of the additional requirements (besides the criteria from the
pre-selection) on the selected events with one reconstructed B candidate in either




Fits and Results for Events with
J/ψ → µ+µ−
The method for a precision extraction of the mean values p̂∗(B0) and p̂∗(B+) to obtain
the difference ∆p∗ and thus ∆m from the measured p∗ distributions of the selected
events containing the reconstructed B0 and B+ mesons requires a careful study of
these spectra which are not only formed by the contribution of the pure signal but also
of that from background events. In the following, the development of this procedure is
described in Section 4.1 where the selected events from the simulated MC datasets are
used which are separated into the B-candidate classes introduced in Section 3.4.2. The
performed checks of this method which are necessary for a validation are described in
Section 4.2. Finally, the results from real data events are presented in Section 4.4 after
a revised event selection for a further background reduction in the reconstruction mode
of the neutral B decays described in Section 4.3.
4.1 Fit Method
For the extraction of the mean values p̂∗(B0) and p̂∗(B+) from the p∗ distributions in
real data, fits to these spectra are performed using different shape functions required
for an approximation of the contributions from the pure signal and the background
events. As proposed in Section 3.1.1 and proved in Section 3.4.1 the means of the
two signal shape-functions can be used for the determination of ∆m. Therefore, the
parameter values of these shape functions are obtained in fits to the two data spectra.
The p∗ distributions of events from all four MC modes (B+B−, B0B0, uds, and cc)
of the run 1 to 4 data-simulation which pass the selection requirements described in
Section 3.5 are used for the construction of the signal and background shape-functions.
But only the events reconstructed in the B-decay modes with the subsequent decay
J/ψ → µ+µ− are used for this purpose, because the contribution of radiative decays in
these samples is very low, cf. Table 3.9. These p∗ distributions form the selected MC
events with reconstructed B+ → J/ψK+ and B0 → J/ψK∗0 candidates are shown in
Figures 4.1a and 4.1b, respectively, using a different color for the contributions from the
several candidate classes which are labeled in the legend, Figure 4.1c. A comparison
of the two spectra shows that there are only very few type-3 background-events in the
49
Chapter 4. Fits and Results for Events with J/ψ → µ+µ−
 -1K) / GeVcµµp*(




























 -1) / GeVcπKµµp*(



































Figure 4.1: p∗ distributions of reconstructed decays B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b)
with J/ψ → µ+µ− in simulated run 1 to 4 MC events. The contribution of each MC class is
shown with a different color as labeled in the legend (c).
charged B-decay mode whereas their contribution is much larger in the reconstructed
B0-decays.
This section starts with a description of the shape-function parametrization which
are used to approximate the contributions to the p∗ spectra from the several MC classes
in Section 4.1.1 to Section 4.1.4, separately for each MC class and each decay mode.
Finally, the fit method which will be applied later to the data spectra is presented in
Section 4.1.5.
4.1.1 Signal Fit-Functions
The type-1 candidates of the reconstructed decays B+ → J/ψK+ and B0 → J/ψK∗0
can be selected by definition either only in the B+B− or only in the B0B0 MC dataset,
respectively. The selected candidate yields from each run of this MC class are weighted
to their respective data luminosity and summed. The two p∗ distributions of type-1
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with the overall normalization N for the approximated number of type-1 B-candidates
and the relative normalization fraction f of the first Gaussian. The two means as well
as the two standard deviations are substituted as follows:
• The fit parameter µ1, denoting the mean of the first Gaussian in Equation 4.1 is






N(fµ1 + (1− f)µ2)
N
= fµ1 + (1− f)µ2 .
(4.2)
• The fit parameter σ1, the standard deviation of the first Gaussian is replaced by










1) + (1− f)(σ22 + µ22))
N
− (fµ1 + (1− f)µ2)2
= fσ21 + (1− f)σ22 + f(1− f)(µ2 − µ1)2 .
(4.3)
• The parameters µ2 and σ2, the mean and standard deviation of the second Gaus-
sian are replaced by the difference ∆µ and the fraction s, respectively. They are
given by:
∆µ = µ2 − µ1
s = σ2/σ1 .
(4.4)
• These substitutions can be summarized as:
µ1 → µ̂− (1− f)∆µ ,
µ2 → µ̂+ f∆µ ,
σ1 →
√
σ̂2 − (1− f)f∆µ2




σ̂2 − (1− f)f∆µ2
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Figure 4.2: Fitted p∗ distributions of reconstructed type-1 decays B+ → J/ψK+ (a) and
B0 → J/ψK∗0 (b) in simulated run 1 to 4 BB MC events. The red dashed line shows the
broader Gaussian of F (p∗ |N, µ̂, σ̂, f, ∆µ, s).
The chosen parametrization for the signal fit-function with N , µ̂, σ̂, f , ∆µ, and s
has the advantage that the desired values for the mean p̂∗(B) = µ̂ and the standard
deviation as well as their statistical errors can be obtained directly from the fit to the
p∗ spectra.
The fitted p∗(B) distributions are shown in Figures 4.2a and 4.2b for the decay
channels B+ → J/ψK+ and B0 → J/ψK∗0, respectively. The fits are performed as χ2
fits in bins of 15 MeV/c between 170 MeV/c and 450 MeV/c. The fit uses the integral of
the fit function in each bin, instead of the function value at the bin center1 to calculate
the contribution to χ2. The obtained parameter values from both fits as well as the
goodness of each fit represented by the χ2 value compared to the number of degrees of
freedom, NDoF are summarized in Table 4.1.
1Since this option is used in all fits, it will not be mentioned explicitly again.
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parameter B+ → J/ψK+ B0 → J/ψK∗0
N 4569 ± 33 2965 ± 26
µ̂ (320.3 ± 0.3) MeV/c (315.8 ± 0.4) MeV/c
σ̂ (42.8 ± 0.3) MeV/c (42.9 ± 0.3) MeV/c
f (83 ± 6) % (53 ± 18) %
∆µ (−20 ± 6) MeV/c (−24 ± 31) MeV/c
s 1.54 ± 0.08 1.30 ± 0.32
χ2/NDoF 14.8/13 8.2/13
Table 4.1: Obtained values for the signal-shape parameters in separate χ2 fits to the p∗
distributions of type-1 events reconstructed in B+ → J/ψK+ and B0 → J/ψK∗0 decays from
the combined run 1 to 4 simulated BB events.
The two obtained mean values are in very good agreement with the expected means
in Equation 3.23, only p̂∗(B0) shows a deviation of +0.5 MeV/c, which is a shift of about
+1.3 times the statistical error on that value. These means obtained in two separate fits
lead to a difference ∆p∗ of (−4.5± 0.5) MeV/c, which is still well compatible with the
expectation from the MC input. The obtained values for the standard deviation of the
signal shapes are slightly larger than the expectation in Equation 3.24 because of the
detector resolution. However, the predicted small difference of about 0.8 MeV/c cannot
be observed. To see if the detector has a different influence on the p∗ reconstruction
of B0 and B+, the distributions of reconstructed and true p∗ values in simulated MC
events are compared with each other. Therefore, the distributions of the difference
p∗reco − p∗true are inspected later in Section 4.2.1.
4.1.2 Contribution from Radiative Decays
The contribution of selected type-2 events caused by radiative decays, e.g. final state ra-
diation, compared to the type-1 events of pure signal is only about 8.4 %, see Table 3.9.
Besides the very low statistics, the two p∗ distributions of type-2 B+ and B0 events
look very similar to the corresponding signal distributions. Therefore, the attempt is
made to test if the signal fit-functions parametrized in Equation 4.1 with fixed values
for the parameters µ̂, σ̂, f , ∆µ, and s as they were obtained by the fits to the type-1
events describe the type-2 spectra as well, instead of using a separate function for the
approximation. In these binned χ2 tests only the normalizations, N , are allowed to
vary, all other parameters are fixed to the values in Table 4.1. The same fit interval
and binning are used for this test of the type-2 spectra as before in the fits to the type-1
events, described above. The type-1 signal-functions fit the type-2 events very well, see
Figures 4.3a and 4.3b. The obtained values for χ2/NDoF are 22/18 for B+ and 13.2/18
for B0 events. Although the contribution of type-2 events is very low, these events are
also included in the study of the differences p∗reco − p∗true in Section 4.2.1.
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Figure 4.3: Fitted p∗ distributions of reconstructed type-2 decays B+ → J/ψK+ (a) and
B0 → J/ψK∗0 (b) in simulated run 1 to 4 BB MC events. The spectra are fitted with the fixed
type-1 shape-function. Again, the red dashed line shows the broader Gaussian of F (p∗|N).
4.1.3 Background Fit-Functions
The procedure for the approximation of the p∗ distributions of the reconstructed type-3
events is more complex since the shape of these distributions is not only different for
the two decay modes, but also for the contributions from the four MC modes. The
type-3-r p∗ distributions of the B+ → J/ψK+ and the B0 → J/ψK∗0 events show a
peaking component which has its maximum nearly at the same position as the type-1
spectra have. This will be taken into account in the type-3 fit-function by using the
type-1 shape-function in Equation 4.1 again as a component with the values of the
parameters µ̂, σ̂, f , ∆µ, and s fixed to the quantities listed in Table 4.1 and only the
normalizations, N , are allowed to vary. This peaking component in the type-3-r events
origins probably from true type-1 and type-2 events with failures of the truth-matching
algorithm.
In the weighted sum of selected type-3 events from SP5 and SP6, the non-peaking
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part of type-3-r and the remaining type-3 components, type-3-w, type-3-uds, and type-
3-cc are approximated by a fifth order polynomial
dN
dp∗
= P5(p∗ |c0, . . . , c5) ≡
5∑
i=0
ci · (p∗)i (4.6)
in case of B0 → J/ψK∗0 events. The normalization, N of the fixed signal shape, and
the coefficients ci (i = 1, . . . , 5) of the polynomial are obtained in a binned χ2 fit in
the interval 0.12 < p∗(µµKπ) < 0.95 GeV/c. For a better fit stability, the coefficient c0
is fixed to c0 = 1(GeV/c)−1.
Because of the very low number of background events in the charged B-decay mode,
B+ → J/ψK+, the weighted sum of the p∗ spectra of reconstructed type-3 candidates
from the different MC samples of the simulated run 1 to 4 data is fitted by a sum of
F (p∗ |N) and a first order polynomial P1(p∗ |c0, c1). In this case the free parameters, N ,
c0, and c1 are obtained by a binned χ2 fit in the interval 0.2 < p∗(µµK) < 0.95 GeV/c.
In both histogram fits the bin width is 15 MeV/c. The fitted sum of the scaled type-
3 distributions are shown for B+ → J/ψK+ and B0 → J/ψK∗0 events in Figures 4.4a
and 4.4b, respectively, where the events from the contributing MC modes have different
colors, see the legend in Figure 4.4c. The obtained parameter values from the two fits
are summarized in Table 4.2.
The approximate numberN of peaking background-events in type-3-r obtained from
the two fits are 22 for reconstructed B+ and 60 for B0 which is equivalent to a relative
contribution compared to all selected events of 0.4% and 1.5 %, respectively.
The background level in B+ → J/ψK+ events is very low but in the neutral B
decay channel the chosen shape function can be problematic because of the relative
large background yield. This will especially become an issue for the estimation of the
systematic uncertainty on p̂∗(B0). Further reduction of the type-3 background-events
for B0 is therefore important; this will be discussed later in Section 4.3.
parameter B+ → J/ψK+ B0 → J/ψK∗0
N 22.4 ± 3.2 60 ± 10
c0 (−82 ± 15) (GeV/c)−1 1 (GeV/c)−1
c1 (346 ± 34) (GeV/c)−2 (−2849 ± 1246) (GeV/c)−2
c2 (48684 ± 423) (GeV/c)−3
c3 (−145897 ± 591) (GeV/c)−4
c4 (167446 ± 719) (GeV/c)−5
c5 (−67147 ± 618) (GeV/c)−6
χ2/NDoF 46/47 48/49
Table 4.2: Obtained values for the background-shape parameters in separate χ2 fits to the
p∗ distributions of type-3 events selected in reconstructed B+ → J/ψK+ and B0 → J/ψK∗0
decays from the combined run 1 to 4 simulated BB and qq data. The parameters ci of each fit
are highly correlated.
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Figure 4.4: Fitted p∗ distributions of reconstructed type-3 B-candidates in decays
B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b) in simulated run 1 to 4 BB and qq MC events with
different color for each sub-classes as labeled in the legend (c). The red dashed lines show the
polynomials describing the non-peaking part of the spectra.
4.1.4 Contribution from Non-Resonant Decays
The type-4 B0 → J/ψK+π− events are like type-1 B0 → J/ψK∗0, too, fully truth-
matched B candidates. Therefore, the p∗ spectrum of these events is expected to be
very similar to these of type-1, but with much lower statistics. For that reason the
decision was made to use the same fit procedure as above in Section 4.1.2 for type-2
events. There are only very few type-4 B0 candidates, compared to the selected type-1
events its contribution is only 2.5%, cf. Table 3.9. Because of this, the interval for the
binned χ2 test is tightened to 0.2 < p∗ < 0.42 GeV/c. The fitted type-4 p∗ distribution
is shown in Figure 4.5a, I obtain χ2 = 9.6 for 16 degrees of freedom.
As an additional check, the type-1 fit-function with fixed shape parameters is fitted
to the p∗ distribution of the sum of selected type-2 and type-4 events, too. From
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Figure 4.5: Fitted p∗ distributions of reconstructed type-4 decays B0 → J/ψK+π− (a) and
the sum of type-2 and type-4 B0 candidates (b) in simulated run 1 to 4 B0B0 MC events.
The spectra are fitted with the fixed type-1 shape-function and the red dashed line shows the
broader Gaussian of F (p∗|N).
I obtain χ2/NDoF = 9.7/18. Figure 4.5b shows that the signal shape-function with the
parameter values obtained in the type-1 fit describes the sum of type-2 and type-4 very
well. Therefore, no separate shape function is used for the approximation of the type-4
spectra.
4.1.5 Fit Method for Data Events
Since the treatment of all contributions to the p∗ spectra from the selected MC events
separated into the various candidate classes is described above, this information is now
put together to derive the fit method which will be applied to the p∗ distributions of
the real data events. As many times already stated, the selected MC events of every
MC mode are weighted per run to their respective data luminosity with the factors in
Table 3.4 before they are combined. This gives an overall weight of approximately 1/4
57
Chapter 4. Fits and Results for Events with J/ψ → µ+µ−
to 1/5 for the sum of all selected simulated events, which gives an rough estimate for
the amount of the data events which will pass the selection requirements summarized
in Table 3.10. Because of the lower statistics expected in the data, binned maximum-
likelihood fits will be performed to fit the p∗ distributions of the data events.
The two data fit-functions are made of two components each, one for the signal
(type-1) and the signal-like events (type-2, type-4 and the peaking part of type-3-r) and
the other for the combinatorial background events (type-3-w, type-3-cc, type-3-uds and
rest of type-3-r). All parameters of the signal shape-function F (p∗ |N, µ̂, σ̂, f, ∆µ, s)
in the parametrization of Equation 4.1 but using the substitutions in Equation 4.5 are
allowed to vary in the data fit. The background components for the description of the
non-peaking parts of the two p∗ spectra are polynomials with fixed coefficients ci but
free normalization factors npoly; these are a first order polynomial for reconstructed B+
events and a fifth order polynomial for reconstructed B0 events. The coefficients ci for
the two polynomials are obtained from the binned χ2 fits to the weighted run 1 to 4
type-3 MC events as described in Section 4.1.3. But as also described there, prior to
this the parameters for the signal shape-function have to be obtained from binned χ2
fits to the type-1 events, because of the needed approximation of the peaking part in
the type-3-r distributions. To summarize, the two fits to the data events will determine
separately the parameters
• npoly, for the background-shape normalization,
• N , for the signal-shape normalization,
• µ̂, the mean of p∗ we are looking for and
• σ̂, f , ∆µ, and s for the signal shape.
Comparing the fit results for the MC distributions of type-1 B+-candidates and
B0-candidates show that the signal-shape parameters f , ∆µ, and s which describe the
differences between the two Gaussian fit-components are very similar. Therefore, the
attempt is made to perform also simultaneous fits of the two spectra from the B+ and
B0 decays, where these three parameters are fitted to be equal. For this purpose, the
above described fit procedure describing the separate fits would be slightly changed into
the following. First the two p∗ distributions of type-1 MC events are simultaneously
fitted and the parameter values for N(B+), µ̂(B+), σ̂(B+), and N(B0), µ̂(B0), σ̂(B0)
as well as for f , ∆µ, and s are obtained. Then the background-shape parameters ci
are obtained as described above in Section 4.1.3, separately for the two decay modes
since they differ. Finally, the data distributions will be fitted simultaneously, too,
where again the coefficients of the background-polynomials are fixed and only their
normalizations as well as the signal-shape parameters are allowed to vary.
The obtained parameter values from the simultaneous χ2 fit to the p∗ spectra of
the type-1 B+ and B0 MC events using the same binning and the same fit interval as
for the separate fits (see Section 4.1.1) are given in Table 4.3a. The two mean values
p̂∗(B) (= µ̂) differ both from the results of the single fits only by −0.1 MeV/c and give,
therefore the same difference ∆p∗ as above (−4.5± 0.5) MeV/c, see Section 4.1.1.
As a third method, the error propagation in p∗(B) =
√
s/4−m2(B) which is de-
rived from Equation 3.1 is used. This leads to δp∗ ∼ δs/p∗ and therefore to a simplified
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With this substitution, the parameter σ̂ of the two signal fit-functions is fitted simulta-
neously to the two p∗ distributions in addition to the parameters f , ∆µ, and s. The fit
procedure is then the same as for the other simultaneous fit above, first the spectra from
the type-1 MC events are fitted simultaneously, then the background shape-parameters
are obtained in fits to the type-3 events, separately for B+ and B0 and finally the
data events will be fitted again simultaneously. The obtained parameter values of this
simultaneous fit to the type-1 MC events are summarized in Table 4.3b. The observed
differences to the results from the other simultaneous fit are very small.
parameter B+ → J/ψK+ B0 → J/ψK∗0
N 4563 ± 33 2967 ± 26
µ̂ (320.2 ± 0.3) MeV/c (315.7 ± 0.4) MeV/c
σ̂ (42.5 ± 0.3) MeV/c (43.2 ± 0.3) MeV/c
f (81 ± 9) %
∆µ (−25 ± 12) MeV/c
s 1.39 ± 0.08
χ2/NDoF 37/28
(a)
parameter B+ → J/ψK+ B0 → J/ψK∗0
N 4563 ± 33 2966 ± 26
µ̂ (320.3 ± 0.3) MeV/c (315.7 ± 0.4) MeV/c
σ̂ (42.6 ± 0.2) MeV/c (*)
f (81 ± 8) %
∆µ (−25 ± 11) MeV/c
s 1.39 ± 0.07
χ2/NDoF 37/29
(b)
Table 4.3: Obtained parameter values for the signal shape in the simultaneous fits to the p∗
distributions of reconstructed type-1 events in B+ → J/ψK+ and B0 → J/ψK∗0 decays with
J/ψ → µ+µ− from the combined run 1 to 4 BB MC. In these fits, the parameters f , ∆µ, and
s are required to be equal for both spectra (a) and in addition σ̂(B0) is substituted (b). The σ̂
value for the B0 channel (*) follows from that of the B+ channel by the relation in Equation 4.7
and is 43.2MeV/c.
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4.2 Monte Carlo Checks
The available MC-Truth information for the selected events with the reconstructed B
candidates from the simulated run 1 to 4 data allows to perform some additional cross-
checks of the method described above for the extraction of the p̂∗(B) values and the
obtained difference ∆p∗. In the following, the true p∗-spectra of selected type-1 events
are fitted with the signal-shape function defined above to see if this approximation
is consistent with the expectation from Section 3.4.1. In addition, the influence of
the detector simulation on the reconstructed B momenta, p∗ is analyzed. For this
purpose, the reconstructed and the true p∗(B) values in the selected type-1 BB events
are compared. After these cross-checks described in Section 4.2.1 finally, the whole
fit procedure which will be applied to the p∗ spectra of real data events has to be
validated on the MC. This validation process is described below in Section 4.2.2 for the
reconstructed B decays with J/ψ → µ+µ−.
4.2.1 MC-Truth Information
For comparison reasons, only the true p∗ distributions of the selected type-1 events are
fitted. Furthermore, the B momenta in the CM frame are obtained by boosting all B
momenta measured in the laboratory frame with the “nominal” boost vector derived
from the generated initial e+e− collisions. This is stored in the MC event information as
Lorentz vector of the e+e− system taken as the mean of the four-momentum sum of the
generated electron and positron beam with Gaussian-distributed vector components.
This reflects the lack of knowledge of the true (“actual”) four-momentum sum of the
e+e− collision for a certain data event, instead only an average for a dedicated group of
recorded events is known and stored in the event information. However, to show that
this will not introduce an additional bias, the distributions of the differences of the p∗
reconstructed with the “nominal” (nom) and with the generated “actual” (act) boost
vector have been compared, where the latter is taken from the MC-Truth information
of the event. These two p∗nom − p∗act distributions are shown in Figures 4.6a and 4.6b for
type-1 events with B+ → J/ψK+ and B0 → J/ψK∗0 decays, respectively. The unfitted
means of both distributions are with (0.01± 0.01) MeV/c and (−0.02± 0.02) MeV/c
for reconstructed B+ and B0 decays, respectively, very well compatible with zero.
The observed standard deviations of 1.9MeV/c do not give a noticeable change of the
standard deviations of the reconstructed p∗ distributions.
The shape function defined in Equation 4.1, a sum of two Gaussian functions and
the parameter substitution summarized in Equation 4.5 are used to approximate the
true p∗ spectra of the type-1 B0 and B+ from the combined run 1 to 4 simulated BB
data. Again as done before for the reconstructed p∗ distributions in Section 4.1.1, χ2 fits
in bins of 15 MeV/c are performed in the interval between 170 MeV/c and 450MeV/c to
obtain the parameter values of the shape function. These separately fitted p∗(B+)true
and p∗(B0)true distributions are shown in Figures 4.7a and 4.7b, respectively. The ob-
tained parameter values are given in Table 4.4. The two derived means p̂∗(B) agree well
with their expectation in Equation 3.23, only p̂∗(B+) shows a deviation of −0.6 MeV/c
which is a shift of about −2 times the statistical uncertainty on that value. The values
of the standard deviation σ̂ being 41.0MeV/c for B+ and 41.3MeV/c for B0 are found
to be also in good agreement with their expectation of 40.6MeV/c and 41.4MeV/c,
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Figure 4.6: Distributions of the differences of p∗ reconstructed with the “nominal” (nom) and
with the ‘actual” (act) boost vector in type-1 decays B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b)
from the simulated run 1 to 4 BB data.
respectively, see Section 3.4.1.
A crucial test is the study of the influence of the detector simulation on the re-
constructed p∗(B+) and p∗(B0), especially to see if it is different for the chosen two
decay modes. For this purpose, the distributions of the difference of reconstructed
(reco) and true p∗ values, p∗reco − p∗true, are compared for selected type-1 B+-candidates
and B0-candidates as shown in Figures 4.8a and 4.8b, respectively. The two unfitted
means of these distributions show a non-negligible bias for the means of the recon-
structed p∗ values of (+0.39± 0.08) MeV/c and (+0.55± 0.10) MeV/c for B+ and B0
events, respectively. However, this leads to a change in the difference ∆p∗ of only
(+0.16± 0.13) MeV/c which is compatible with zero. The observed standard deviations
are very close, they are found to be (12.42± 0.06) MeV/c and (12.13± 0.07) MeV/c
for the distributions of these p∗reco − p∗true in B+ and B0 events, respectively. The
square root of the sum of the squared standard deviations obtained from these unfit-
ted p∗reco − p∗true distributions and from the fits to the p∗true spectra above in Table 4.4
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Figure 4.7: Fitted true p∗ distributions of type-1 decays B+ → J/ψK+ (a) and B0 → J/ψK∗0
(b) in simulated run 1 to 4 BB MC events. The red dashed line shows the broader Gaussian
of F (p∗ |N, µ̂, σ̂, f, ∆µ, s).
give the observed values for the parameter σ̂ from the fit to the reconstructed type-1
p∗-spectra in Section 4.1.1. This shows that the effect of the detector resolution is very
small compared to the approximately 41 MeV/c caused by the resolution in the energy
spread of the beams which clearly dominates the observed resolution in p∗(B).
About 7.5 % of the selected B+ MC events with J/ψ → µ+µ− are of type-2 and for
B0 this amount is 6.2%. Since the p∗ signal-shape approximates this kind of events,
too, the distribution of the difference p∗reco − p∗true is also analyzed for the sum of type-1
and type-2 events. The obtained shifts of the mean of reconstructed p∗, again derived
from the unfitted means of these p∗reco − p∗true distributions are (+0.41± 0.08) MeV/c
and (+0.48± 0.10) MeV/c for B+ and B0, respectively. The observed effect on ∆p∗
is only (0.07± 0.13) MeV/c which is again well compatible with zero. The two values
for the standard deviations of these spectra are (12.85± 0.06) MeV/c for B+ → J/ψK+
and (12.53± 0.07) MeV/c for B0 → J/ψK∗0.
62
4.2. Monte Carlo Checks
Entries 
Mean  




 -1 / GeVc
reco - true
)+p*(Bδ















































 -1 / GeVc
reco - true
)0p*(Bδ











































Figure 4.8: Distributions of the differences p∗reco − p∗true between the reconstructed (reco) and
the true p∗ in type-1 decays B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b) from the dataset of
simulated run 1 to 4 BB events.
4.2.2 Fit-Method Validation
This section describes the validation process of the fit method presented in Section 4.1.5
for deriving the values p̂∗(B+) and p̂∗(B0) from reconstructed data events in order to
extract the difference ∆p∗. As already said there, binned maximum-likelihood fits will
be performed to the p∗ distributions of the data events, because of the lower statistics
in the data samples.
For the fit-method validation, five subsamples are obtained from all selected run
1 to 4 MC events reconstructed in B+ → J/ψK+ and B0 → J/ψK∗0 with subsequent
decay J/ψ → µ+µ− which pass the selection requirements defined in Section 3.5 by
dividing the selected events in each MC mode into five disjoint parts, one for each
validation sample. In the next step, the p∗ distributions of the run 1 to 4 events from
the BB and qq MC modes are summed without weights for each of the five validation
samples. From these five spectra of reconstructed p∗(B+) and p∗(B0), the ∆p∗ values
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parameter B+ → J/ψK+ B0 → J/ψK∗0
N 4568 ± 33 2955 ± 26
µ̂ (319.7 ± 0.3) MeV/c (315.2 ± 0.4) MeV/c
σ̂ (41.0 ± 0.3) MeV/c (41.3 ± 0.3) MeV/c
f (88 ± 8) % (70 ± 18) %
∆µ (−30 ± 41) MeV/c (−26 ± 28) MeV/c
s 1.52 ± 0.09 1.30 ± 0.24
χ2/NDoF 11.1/13 7.8/13
Table 4.4: Obtained parameter values for the signal shape in separate χ2 fits to the true
p∗(B+) and p∗(B0) distributions of reconstructed type-1 events in decays B+ → J/ψK+ and
B0 → J/ψK∗0 of the combined run 1 to 4 BB MC.
are obtained from the p̂∗(B) results of binned maximum-likelihood fits in the interval
0.12 < p∗ < 0.95 GeV/c using the separate as well as the two simultaneous fit methods
as described above in Section 4.1.5. This means, that in each of the three fit methods,
the coefficients ci of the background polynomials for all five B+ and B0 validation-
spectra are fixed to the same values which will be used later for the data spectra,
too.
The three fit methods give very well compatible results for p̂∗(B) and ∆p∗, see
Table 4.5. Therefore, the ∆p∗ values obtained from the p̂∗(B) mean of all three fit
methods are used for a comparison with the MC expectation of the calculated mean
values of the generated p∗ distributions in Equation 3.23. This comparison is shown in
Figure 4.9.
 -1p* / MeVc∆
-8 -7 -6 -5 -4 -3 -2
Figure 4.9: Comparison of the obtained ∆p∗ values of the five MC validation-samples derived
from the means of the p̂∗(B) fit-results of the three described fit methods. The blue vertical
line marks the MC expectation from the generated p∗(B) distributions, see Equation 3.23.
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separate fits 314.7 ± 0.8 320.6 ± 0.7 −5.9 ± 1.1
simultaneous fit I 314.8 ± 0.8 320.5 ± 0.6 −5.7 ± 1.0
simultaneous fit II 314.8 ± 0.8 320.5 ± 0.6 −5.7 ± 1.0
mean 314.8 ±0.8 320.5 ±0.6 −5.7 ±1.0
separate fits 317.0 ± 0.9 320.3 ± 0.6 −3.3 ± 1.1
simultaneous fit I 316.7 ± 0.8 320.3 ± 0.6 −3.6 ± 1.0
simultaneous fit II 316.7 ± 0.8 320.3 ± 0.6 −3.6 ± 1.0
mean 316.8 ±0.8 320.3 ±0.6 −3.5 ±1.0
separate fits 316.0 ± 0.9 320.4 ± 0.6 −4.4 ± 1.1
simultaneous fit I 316.0 ± 0.8 320.3 ± 0.6 −4.3 ± 1.0
simultaneous fit II 316.0 ± 0.8 320.3 ± 0.6 −4.3 ± 1.0
mean 316.0 ±0.8 320.3 ±0.6 −4.3 ±1.0
separate fits 316.6 ± 0.9 320.4 ± 0.6 −3.8 ± 1.1
simultaneous fit I 316.5 ± 0.8 320.4 ± 0.6 −3.9 ± 1.0
simultaneous fit II 316.4 ± 0.8 320.4 ± 0.6 −4.0 ± 1.0
mean 316.5 ±0.8 320.4 ±0.6 −3.9 ±1.0
separate fits 316.2 ± 0.9 320.9 ± 0.6 −4.7 ± 1.1
simultaneous fit I 316.0 ± 0.9 320.8 ± 0.6 −4.8 ± 1.1
simultaneous fit II 316.0 ± 0.9 320.8 ± 0.6 −4.8 ± 1.1
mean 316.1 ±0.9 320.8 ±0.6 −4.7 ±1.1
Table 4.5: Results from the binned maximum-likelihood fits to the p∗ distributions of the five
MC validation-samples. The results are obtained in separate fits to the two p∗(B) spectra and
in simultaneous fits where the parameters f , ∆µ, and s are forced to be equal in B+ and B0
(simultaneous fit I) and where in addition σ̂(B0) is substituted (simultaneous fit II).
4.3 Further Background Reduction in B0 Events
As already mentioned in Section 4.1.3, the choice of a fifth order polynomial together
with a relatively large background level in B0 → J/ψK∗0 events may become a major
source of the systematic uncertainty for p̂∗(B0) and therefore for ∆m, too. A possi-
ble solution to this issue is a further reduction of the background yield. Therefore,
an optimization of already-used as well as additional selection requirements has been
investigated using the selected B0 events from the simulated run 1 to 4 MC data.
In the following, the search for discriminating variables which give the most ef-
fective set of requirements against the type-3 events as well as the criteria for this
cut-optimization procedure is described in Section 4.3.1. Once this is done, the addi-
tional criteria for the selection of B0 events are presented in Section 4.3.2. Finally in
Section 4.3.3, the important properties of the final MC samples with the changed p∗
distributions of the several MC candidate-classes in B0 events are summarized. This
65
Chapter 4. Fits and Results for Events with J/ψ → µ+µ−
includes besides the number of selected candidates and the obtained shape parameters
of the fit functions defined in Section 4.1 also the influence of the detector simulation
on ∆p∗.
4.3.1 Cut-Optimization Procedure
For the further background reduction in reconstructed decays B0 → J/ψK∗0, the fol-
lowing discriminating variables seem to be promising, after studying the type-3 events:
• Although the contribution of combinatorial background from qq events is already
very low, an additional cut on the event-shape variable RAll2 , the normalized
second order Fox-Wolfram moment may suppress it to a nearly negligible level.
The definition of RAll2 is the same as in Equation 3.17 with the only difference
that the sum runs over all charged and neutral final-state particles in the event.
• As it turns out, the type-3 events are mostly events where the randomly selected
part in the reconstructed decay tree is a track originating from the decay of the
other B in the event. Therefore, a tighter cut on ∆E may help.
• Further investigation of the origin of the background source shows that combi-
natorial background for the K∗0 is a major source. This is indicated already at
the very early stage of the event selection where the requirement on the J/ψ -
candidates helicity-angle is defined, by the very low background in the accepted
interval, cf. Figure 3.5. A reduction of the combinatorial background for K∗0
candidates would be possible by a tighter requirement on the invariant Kπ mass.
Other requirements were studied, too, but after looking carefully into their selection
power and their impact of the overall fit results they turned out to be useless for this
purpose and were not used. For the sake of completeness they are listed below:
• A cut on the cosine of the helicity angle of the K∗0 candidate, like the one applied
to the J/ψ candidates, but in contrary to the case of J/ψ only one-sided, rejects
too many signal events.
• Stricter selection requirements and/ or vetos on the PID of the tracks to suppress
background events due to misidentification of the tracks particle type, turned
out to work against the intended purpose and reduce the signal yield too much,
without any significant improvement on the background level.
• An improved optimization of the cut on the vertex-fit probabilities of the recon-
structed composite candidates doesn’t help either.
The criteria used in the optimization procedure to find the most effective set of selec-
tion requirements against the type-3 background-events in reconstructed B0 → J/ψK∗0
decays of the simulated run 1 to 4 datasets are the following:
• Obviously the additional cuts should discard as much of the combinatorial back-
ground as possible, but at the same time only few signal events, so that the
statistical error on the fit result for µ̂ doesn’t increase.
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• Another important requirement is an increase in the ratio of the fitted number
of signal events from the type-1 fit versus the number of background events in
the signal region of 0.1 ≤ p∗ ≤ 0.5 GeV/c obtained from the calculated integral on
the polynomial over this p∗ interval after the fit to the distribution of the type-3
events. For this purpose the fit procedure for the MC distributions as described
above in Section 4.1 is performed for each of the tested new requirements, starting
with the type-1 signal-fit. Then with fixed signal shape-parameters, the coeffi-
cients ci of the background-polynomial are obtained from the type-3 distribution.
• Finally the new cuts shouldn’t introduce a new fit bias on the result.
4.3.2 Additional Selection Criteria
The additional criteria for the selection of B0 events which complement or supersede the
requirements listed in Table 3.10, where however the choice of the “best” B candidate
is always applied last, are summarized in Table 4.7. These criteria are:
• Additional Event-Shape Cut:
The chosen requirement is RAll2 < 0.4 which rejects more than half of the pre-
selected events in the qq MC but only few BB events. For illustration the RAll2
distributions of the pre-selected B0B0 and qq events run-wise scaled to their cor-
responding data luminosity are shown in Figures 4.10a and 4.10b. In these plots,
the chosen cut is marked by a vertical line.
• Tighter Requirement on the Invariant Kπ Mass:
The investigated criteria on the invariant Kπ mass are m(K∗0)PDG ± (2, 1.5, 1,
0.8) Γ(K∗0)PDG. Since the selection power of the cut onm(K+π−) is not as strong
as the one on ∆E, for the final dataset m(K∗0)PDG ± 1.5 Γ(K∗0)PDG is used.
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Figure 4.10: RAll2 distribution in simulated run 1 to 4 B
0B0 (a) and qq (b) events. The chosen
cut value is marked by a vertical line, where all events with larger RAll2 values are discarded.
67
Chapter 4. Fits and Results for Events with J/ψ → µ+µ−
• Tighter Requirement on the Energy Difference:
The kinematic variable ∆E is the most powerful selection criterion for the back-
ground discrimination. Several values for the cut on ∆E have been investigated to
find the optimal selection requirement, |∆E| < (55, 45, 35, 30, 25, 20)MeV. How-
ever, this variable is weakly correlated with p∗ as shown by the two-dimensional
distribution of ∆E versus p∗ in Figure 4.11 for reconstructed type-1 decays
B0 → J/ψK∗0 from the pre-selected B0B0 MC sample. The observed correla-
tion coefficient is 0.12 for type-1 B0 candidates in reconstructed B0 → J/ψK∗0
decays. For the sake of completeness, the respective correlation coefficient for
type-1 B+ candidates is found to be 0.13. Since ∆E is a very crucial discriminat-
ing variable with regard to its correlation to p∗ and its influence on the level of
type-3 background events, the fit results are checked very carefully. In all these
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Figure 4.11: The two-dimensional distribution of ∆E vs. p∗ in reconstructed type-1 decays
B0 → J/ψK∗0 from the pre-selected run 1 to 4 B0B0 MC sample shows only a small correlation









< 55 MeV 315.7 ± 0.4 2730 182 15.0 0.82
< 45 MeV 315.7 ± 0.4 2700 143 18.9 0.83
< 35 MeV 315.8 ± 0.4 2590 122 21.2 0.85
< 30 MeV 315.8 ± 0.4 2480 110 22.5 0.86
< 25 MeV 315.7 ± 0.4 2320 88 26.6 0.89
< 20 MeV 315.5 ± 0.5 2060 65 31.7 0.95
Table 4.6: Fit results of the p∗ distributions of type-1 and type-3 events in B0 → J/ψK∗0 in
run 1 to 4 MC samples with different ∆E cuts. δ(µ̂)exp is a rough estimate of the expected
statistical error on µ̂ later in the data fits.
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The single fits to the type-1 spectra show only a very small variation of the fit
parameter µ̂ of about ±0.1 MeV/c.
The results for the fitted number of type-1 and type-3 events in an interval
0.1 ≤ p∗ ≤ 0.5 GeV/c are summarized in Table 4.6. The integral Itype−3 which
gives the approximate number of selected type-3 events in the signal region of p∗
is obtained from the background polynomial in the interval 0.1 ≤ p∗ ≤ 0.5 GeV/c.
In addition, a rough estimate of the expected statistical error δ(µ̂)exp on the pa-
rameter µ̂ later in the data fits is given there. The latter is obtained by using
43 MeV/c as expectation for the standard deviation of the signal function which
is divided by the square root of the fit parameter N (= Ntype−1) from the type-1
fit taken as estimate for the number of expected data events. Again this is only a
rough estimate since this procedure ignores the differences of the reconstruction
efficiencies between MC and data. The parameter fits show only a very small
variation in µ̂ for the several datasets with the different ∆E cuts applied in the
event selection. Since the ratio Ntype−1/Itype−3 between the numbers of selected
type-1 and type-3 MC events in the interval 0.1 ≤ p∗ ≤ 0.5 GeV/c is monotoni-
cally increasing an additional criterion is required to decide which ∆E cut should
be preferred. As already mentioned, the expected statistical error on µ̂ in data
events is used for that, which is given in the last column of Table 4.6. These val-
ues change first very little ( <∼ + 0.03 MeV/c) when the cut on ∆E is tightened,
only the last change is 0.06 MeV/c which is nearly as large as the overall change
from the dataset with the widest ∆E cut to the one with |∆E| < 25 MeV. There-
fore, |∆E| < 25 MeV is chosen as event-selection criterion for the final dataset of
reconstructed B0 → J/ψK∗0 decays with J/ψ → µ+µ−.
Fox-Wolfram moment RAll2 < 0.4
Invariant Kπ mass 0.821 < m(K+π−) < 0.971 GeV/c2
Energy difference |∆E| < 25 MeV
Table 4.7: Summary of the requirements complementing or superseding those given
in Table 3.10 for the selection of events with reconstructed B0 candidates in
B0 → J/ψ (→ µ+µ−)K∗0(→ K+π−) decays.
4.3.3 MC Data with the Final B0 Events
The dataset with reconstructed B0 → J/ψK∗0 decays passing the criteria defined in
Section 3.5 and the above described tighter requirements which are summarized in
Table 4.7 still contain about 1.51 % events with two and the negligible fraction of 0.01%
with three selected B candidates before only the one with the “best” χ2 probability of
the whole decay-tree fit is kept. The weighted number of selected B0 candidates in the
several MC classes are given in Table 4.8.
The obtained values for the parameters from the separately performed binned χ2
fits to the p∗ distributions of the type-1 and type-3 MC events are given in Tables 4.9a
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-r -w -cc -uds
run 1 B0 237 14 5 11 12 2.4 1.3
run 2 B0 662 46 12 31 32 3.1 2.8
run 3 B0 351 25 7 19 18 1.4 0
run 4 B0 1071 79 21 48 52 3.8 1.0
B0 → J/ψK∗0 83.8% 5.9 % 1.6% 3.9 % 4.1 % 0.4% 0.2 %
Table 4.8: Weighted number of selected B0 candidates in the several MC classes from the
simulated run 1 to 4 data after applying the additional cuts on RAll2 , m(K
+π−), and ∆E. On
the bottom of the table the relative contribution of each MC class compared to all selected
candidates is given.
parameter type-1
N 2319 ± 23
µ̂ (315.7 ± 0.4) MeV/c
σ̂ (42.7 ± 0.3) MeV/c
f (51 ± 28) %
∆µ (−20 ± 5) MeV/c




N 29 ± 6
c0 1 (GeV/c)−1
c1 (−1364 ± 672) (GeV/c)−2
c2 (19675 ± 206) (GeV/c)−3
c3 (−58100 ± 281) (GeV/c)−4
c4 (66064 ± 336) (GeV/c)−5
c5 (−26233 ± 289) (GeV/c)−6
χ2/NDoF 49/49
(b)
Table 4.9: Obtained values for the signal-shape and background-shape parameters in χ2 fits to
the p∗ distributions of type-1 (a) and type-3 (b) events selected in reconstructed B0 → J/ψK∗0
decays from the combined run 1 to 4 simulated BB and qq data after applying the additional
cuts on RAll2 , m(K
+π−), and ∆E.
and 4.9b, respectively. These fitted MC spectra of reconstructed B0 → J/ψK∗0 decays
with J/ψ → µ+µ− are shown in Figure 4.12a for the pure signal and in Figure 4.12b
for the combinatorial background events.
Once the additional requirements are applied to the MC datasets, the fit proce-
dure described in Section 4.1 is re-done and thus the parameter values of the back-
ground polynomial are derived, the influence of the detector simulation is checked
again for the type-1 events alone as well as for the sum of type-1 and type-2 B0
events. The unfitted mean of the distribution of the difference p∗reco − p∗true gives
(+0.26± 0.10) MeV/c for the shift on the reconstructed mean of p∗(B0) from the type-1
candidates. Together with the observed shift of the mean of reconstructed p∗(B+) val-
ues which was (+0.39± 0.08) MeV/c (see Section 4.2.1), this gives for the influence on
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Figure 4.12: Fitted p∗ distributions of reconstructed type-1 (a) and type-3 (b) B0-candidates
in simulated run 1 to 4 BB and qq MC events after applying the additional cuts on RAll2 ,
m(K+π−), and ∆E.
∆p∗ (−0.13± 0.13) MeV/c which is well compatible with zero. In addition the observed
standard deviation of the p∗reco − p∗true distribution of the type-1 B0-candidates is now
only (10.77± 0.07) MeV/c.
Since the p∗ signal-shape approximates also the contribution of about 5.9% type-2
B0-events, the distribution of the difference p∗reco − p∗true is studied for the sum of type-1
and type-2 events, too. The obtained shift of the reconstructed mean of p∗ in B0 events
is (+0.27± 0.10) MeV/c. However, the derived bias was (+0.41± 0.08) MeV/c for the
sum of type-1 and type-2 B+-events (see Section 4.2.1) and leads therefore to an effect
on ∆p∗ of (−0.14± 0.13) MeV/c which is still well compatible with zero. The value for
the standard deviation of this p∗reco − p∗true spectrum is (11.03± 0.07) MeV/c.
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4.4 Fit Results from Data
Finally, after the presentation of the event selection and the fit procedure for the ex-
traction of the p̂∗(B0) and p̂∗(B+) values from the p∗ spectra of reconstructed decays
B+ → J/ψK+ and B0 → J/ψK∗0 with J/ψ → µ+µ− and their successful validation,
they are applied to the real data events. Starting with events from the pre-selection
which pass all requirements listed in Table 3.5, the candidate selection of B+ → J/ψK+
and B0 → J/ψK∗0 events from real data is done as already described in Section 3.5
and Section 4.3, except for one requirement. The applied cut on the invariant µ-pair
mass is shifted in data by −2 MeV/c2, because of an observed bias of this magnitude
in the data spectrum of m(µ+µ−) from the reconstruction of inclusively in B decays
produced J/ψ mesons which was compared to the m(µ+µ−) spectrum of MC events in a
previous study [35]. However, this shift is very small compared to the 80 MeV/c2 width
of the interval on m(µ+µ−) for accepted J/ψ candidates and therefore does not have
a strong influence of the event selection. The numbers of selected events and events
with multiple candidates, where only the B candidate with the “best” probability of
the decay-tree fit from the TreeFitter result is kept, are summarized in Table 4.10.
For the latter, there are no events with more than two B candidates passing all other
selection criteria. A comparison of the observed number of events with multiple B
candidates which pass all selection requirements except of the “best”-P(χ2B) choice in
real data and in the MC simulation gives for reconstructed decays B+ → J/ψK+ with
J/ψ → µ+µ− the tiny fraction of 0.11 % in data versus 0.13 % in MC (see Section 3.5.4).
For reconstructed B0 → J/ψK∗0 decays, the agreement is also very well with 1.4% in
data versus 1.5% in MC, cf. Section 4.3.3.
dataset & selected multiple-candidate
reco. mode candidates events
run 1 B+ 537 0
run 2 B+ 1656 2
run 3 B+ 847 2
run 4 B+ 2638 2
run 1 B0 258 3
run 2 B0 778 10
run 3 B0 353 6
run 4 B0 1119 15
B+ → J/ψK+ 5678 0.11%
B0 → J/ψK∗0 2508 1.4%
Table 4.10: The numbers of selected events as well as the numbers of selected events with
multiple B candidates where only the one with the “best” P(χ2B) is kept, are given for each
data run-period. There are no events with more than two B candidates that pass all defined
selection requirements. The last two rows give the sum of all selected B+ and B0 events as well
as the fraction of events with multiple B candidates for run 1 to 4 together.
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Figure 4.13: p∗ distributions of reconstructed decays B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b)
with J/ψ → µ+µ− in run 1 to 4 MC and data events. BB and qq MC events are scaled per run
to their respective data luminosity and the sum is weighted that the integral over the interval
0.1 < p∗ < 0.5 GeV/c matches the number of selected data events in it. The contribution of
each MC class is shown with a different color and the data entries are marked as solid points
as labeled in the legend (c).
The p∗ distributions of the selected run 1 to 4 data events are shown in Figures 4.13a
and 4.13b for B+ and B0, respectively, together with the spectra from the selected
simulated MC events. The latter are drawn as a stacked histogram with different colors
for the various contributions of the defined MC classes. As done before, the run 1 to
4 events of the four MC modes are combined with weights corresponding to the data
luminosities. For a better comparison of the data and the MC-sum distributions, the
latter are scaled again so that the integral over the signal region 0.1 < p∗ < 0.5 GeV/c
matches the number of data events in this interval. Both figures show a difference
between the data and MC spectra in the signal region. However, this is not a problem
because the signal fit-function for the data is used with free parameters σ̂, ∆µ, f , and
s in addition to the parameter µ̂ which will give the desired p̂∗(B) values from the
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Entries 
Mean  
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Figure 4.14: Fitted p∗ distribution of reconstructed decays B+ → J/ψ (→ µ+µ−)K+ (a) and
B0 → J/ψ (→ µ+µ−)K∗0(→ K+π−) (b) in the combined run 1 to 4 data. The red dashed line
shows the fixed shape of the background polynomial.
fits to the data spectra. The reasons for the observed data-MC shape-differences are
discussed later in Section 6.1.
The three fit methods which are described in detail above in Section 4.1.5 are used
to fit the p∗ distributions of the selected data events. As already said before, binned
maximum-likelihood fits are performed with a bin width of 15 MeV/c in the interval
0.12 < p∗ < 0.95 GeV/c, because of the lower statistics in the data. Free parameters in
the separate fits of B+ and B0 events are the parameters N , µ̂, σ̂, f , ∆µ, and s for the
signal component and a normalization parameter npoly for the background component
of the two fit functions. In addition, the other two methods with the simultaneous
fit of the two data spectra are performed, too. In these simultaneous fits the signal-
function parameters f , ∆µ, and s are required to be equal for both p∗ spectra. In the
third method, in addition σ̂(B0) is substituted and is obtained via Equation 4.7. The
coefficients ci of the background polynomials which define the shape of the background
contribution are always fixed to the values obtained in the corresponding binned χ2 fits
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parameter B+ → J/ψK+ B0 → J/ψK∗0
npoly 1.00 ± 0.11 1.18 ± 0.10
N 5580 ± 75 2280 ± 50
µ̂ (321.6 ± 0.6) MeV/c (317.0 ± 0.9) MeV/c
σ̂ (44.6 ± 0.5) MeV/c (42.2 ± 0.8) MeV/c
f (83 ± 4) % (72 ± 16) %
∆µ (−56 ± 10) MeV/c (−49 ± 19) MeV/c
s 1.49 ± 0.10 1.32 ± 0.27
(a)
parameter B+ → J/ψK+ B0 → J/ψK∗0
npoly 1.01 ± 0.11 1.16 ± 0.10
N 5580 ± 75 2280 ± 50
µ̂ (321.6 ± 0.6) MeV/c (316.8 ± 0.9) MeV/c
σ̂ (44.4 ± 0.5) MeV/c (43.0 ± 0.8) MeV/c
f (79 ± 4) %
∆µ (−51 ± 7) MeV/c
s 1.46 ± 0.08
(b)
parameter B+ → J/ψK+ B0 → J/ψK∗0
npoly 1.01 ± 0.11 1.12 ± 0.09
N 5580 ± 75 2290 ± 50
µ̂ (321.7 ± 0.6) MeV/c (316.6 ± 0.9) MeV/c
σ̂ (43.9 ± 0.4) MeV/c (*)
f (80 ± 4) %
∆µ (−52 ± 8) MeV/c
s 1.47 ± 0.08
(c)
Table 4.11: Obtained parameter values from the fits to the two reconstructed p∗(B) spectra
in the decays B+ → J/ψK+ and B0 → J/ψK∗0 with J/ψ → µ+µ− of the combined run 1 to 4
data. The results in (a) are derived from separate fits to the p∗(B+) and p∗(B0) distributions.
In the two simultaneous fits, the signal shape-parameters f , ∆µ, and s are forced to be equal
in B+ and B0 (b) and in addition σ̂(B0) is substituted (c). In the latter fit, the σ̂ value for the
B0 channel (*) follows from that of the B+ channel using Equation 4.7 and is 44.8MeV/c.
to the type-3 MC-distributions.
The separately fitted p∗ distributions of the two decay modes B+ → J/ψK+ and
B0 → J/ψK∗0 in run 1 to 4 data are shown in Figures 4.14a and 4.14b and the obtained
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separate fits 317.0 ± 0.9 321.6 ± 0.6 −4.6 ± 1.1
simultaneous fit I 316.8 ± 0.9 321.6 ± 0.6 −4.8 ± 1.1
simultaneous fit II 316.6 ± 0.9 321.7 ± 0.6 −5.1 ± 1.1
mean 316.8 ±0.9 321.6 ±0.6 −4.8 ±1.1
Table 4.12: Summary of the results from the binned maximum-likelihood fits to the p∗ dis-
tributions of the run 1 to 4 data. The results are obtained in separate fits to the two p∗(B)
spectra and in simultaneous fits where the parameters f , ∆µ, and s are forced to be equal in
B+ and B0 (simultaneous fit I) and in addition σ̂(B0) is substituted (simultaneous fit II). The
last row gives the mean of the three methods.
results are listed in Table 4.11a. The results from the two simultaneous fits are given
in Tables 4.11b and 4.11c. A summary of the obtained values p̂∗(B0), p̂∗(B+) as well
as of the desired difference ∆p∗ = p̂∗(B0)− p̂∗(B+) are given in Table 4.12. The mean
is chosen as the nominal result for the B decay-channels with J/ψ → µ+µ− as given in
the last row of Table 4.12 which gives
∆p∗ = p̂∗(B0)− p̂∗(B+) = (−4.8± 1.1) MeV/c , (4.8)
and the deviation, between the results of the three methods is used in an estimate for
the systematic uncertainty of the fit method, see Section 6.1.
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Events with J/ψ → e+e−
Until here, the described development of the principal tools, like the event selection and
the fit method for the extraction of ∆p∗ from the means of reconstructed B momentum-
distributions in the CM frame, uses only B+ → J/ψK+ and B0 → J/ψK∗0 decays with
J/ψ → µ+µ−. The reasons not to include the J/ψ → e+e− channels at this stage of the
analysis were the very different contributions of radiative processes which have to be
taken into account and which are much smaller for J/ψ → µ+µ−, as well as additional
uncertainties which may be introduced by the treatment of the type-2 events in the
fit. From the studies of the MC events, less than about 8 % selected type-2 events are
expected in each B-decay mode for the J/ψ → µ+µ− channel, see Tables 3.9 and 4.8,
and the contribution of these events to the p∗ spectra is well approximated by the signal
shape-function, see Section 4.1.2. However, the final systematic uncertainty on ∆p∗ as
discussed later in Chapter 6 shows that the obtained result from the J/ψ → µ+µ−
decay-channels is statistically limited. The estimated systematic uncertainty is only
half as large as the statistical error. Therefore, it seems to be worth to include the B-
decay modes with J/ψ → e+e−, although the contribution of radiative (type-2) events
is larger than for the modes with J/ψ → µ+µ−. This requires besides a new event
selection a slightly modified fit strategy for obtaining the p̂∗(B) values.
This chapter gives first a brief summary of the selection requirements obtained from
the MC distributions in Section 5.1. In Section 5.2 the fit procedure and validation
is described and finally, the results from the fits to the real data are presented in
Section 5.4.
5.1 Selection Requirements
In the following, an overview of the criteria for the event selection with reconstructed
decays B+ → J/ψ (→ e+e−)K+ and B0 → J/ψ (→ e+e−)K∗0(→ K+π−) is given which
is based on the samples with pre-selected events containing B candidates passing the
requirements summarized in Table 3.5. For the motivation of the chosen cuts, again
the MC distributions of the discriminating variables are used where the reconstructed
particle candidates are separated into the classes introduced in Section 3.4.2. For this
purpose, all discriminating variables which have been used already for the selection of
the B candidates with J/ψ → µ+µ− are studied on the new decay mode and if required,
the applied cut is optimized for the selection of these events.
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5.1.1 Selection of J/ψ Candidates
The cut on the vertex-fit probability of the formed J/ψ is used as before for J/ψ → µ+µ−
candidates which requires P(χ2J/ψ ) > 10
−4. There is no need for a selection requirement
on the helicity angle for J/ψ → e+e− candidates since the assigned criterion on the
PID of accepted electrons removes together with the other pre-selection cuts most of
the combinatorial background from qq events. This is easily comprehensible from the
respective distributions of cosϑHELI in Figures 5.1a and 5.1b for J/ψ → e+e− candidates
in B+ → J/ψK+ and B0 → J/ψK∗0 decays, respectively, which can be compared with
the corresponding distributions for J/ψ → µ+µ− in Figure 3.5 showing a much larger
contribution of type-3 qq-candidates peaking at | cosϑHELI| ≈ 1.
For the same reason, the requirement on the event-shape variable RAll2 for the
selection of B0 candidates is no longer needed and therefore not applied in the event
HELIϑcos 


















































Figure 5.1: Distributions of the cosine of the helicity angle for J/ψ → e+e− candidates recon-
structed in decays B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b) selected from the combined run 1
to 4 dataset of simulated MC events. The several candidate classes are summed with different
color each, as labeled in (c).
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Figure 5.2: Distributions of the invariant `+`− mass of reconstructed J/ψ candidates in
simulated run 1 to 4 B+B− (a) and B0B0 events (b) with different color for each candidate
class, see (c). The chosen requirement on m(e+e−) for the further candidate selection is given
by the interval marked by the two vertical lines.
selection of B candidates with J/ψ → e+e−.
The same criterion on the invariant lepton-pair mass as in the muon decay-modes is
used, 3.057 < m(e+e−) < 3.137 GeV/c2. This is shown in Figures 5.2a and 5.2b for the
B+ and B0 decay-modes, respectively. However, the mean of the reconstructed type-1
distributions in this interval show a significant shift of about −4 MeV/c2 compared to
the type-1 m(µ+µ−)-spectra, which in turn agree very well with the MC input, see
Table 3.6. This shift may be caused by not-recovered radiation of the electrons. For
the sum distributions of type-1 and type-2 J/ψ -candidates the shift is even −5 MeV/c2,
whereas the change of the mean for the muon modes is negligible. Of course the
reason for this is the difference in the ratios of the type-1 and type-2 contributions.
Although the chosen interval for accepted J/ψ → e+e− candidates ranges over a width
of 80 MeV/c2 a lot of type-2 candidates are excluded because of the strong asymmetry
of the e+e−-mass distribution with a long tail to smaller values. Therefore, the two-
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Figure 5.3: The two-dimensional distributions of m(e+e−) vs. p∗ in the sum of reconstructed
type-1 and type-2 decays B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b) with J/ψ → e+e− from
the pre-selected run 1 to 4 B+B− and B0B0 MC samples, respectively, show both a negligible
correlation between the two variables.
dimensional distributions of the invariant electron-pair mass, m(e+e−), versus the B
momentum in the CM frame, p∗, is drawn for the sum of all so far selected type-1
and type-2 B candidates before this cut is applied to make sure that no bias on p∗ is
introduced from this cut because of a correlation between these two variables. Both
two-dimensional distributions of the weighted sum of simulated run 1 to 4 data (scaled
to a maximum of 1) are shown in Figures 5.3a and 5.3b for the sum of type-1 and
type-2 B+ → J/ψK+ and B0 → J/ψK∗0 events, respectively. The obtained correlation
coefficients are −0.009 for B+ and −0.031 for B0 which are both negligible.
5.1.2 Selection of K∗0 Candidates
Since the changed decay mode for the reconstruction of the J/ψ mesons does not
affect the reconstruction of the K∗0 resonances, the selection criteria of the latter
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remain unchanged from that already defined for the B0 candidates of the J/ψ → µ+µ−
decay-mode. The χ2 probability of the vertex fit for all accepted K∗0 candidates has
to fulfill P(χ2K∗0) > 10
−4 and their invariant Kπ mass has to lie within the interval
m(K∗0)PDG ± 1.5 Γ(K∗0)PDG.
5.1.3 Selection of B0 and B+ Candidates
The requirement on the χ2 probability of the decay-tree fit using TreeFitter is again set
to P(χ2B) > 10−4. The two ∆E intervals for accepted B+ and B0 candidates are taken
of the same widths as for the decay modes with J/ψ → µ+µ−, ±55 MeV and ±25 MeV
for B+ → J/ψK+ and B0 → J/ψK∗0, respectively. However, probably for the same
reason as for m(e+e−) in Section 5.1.1, the two means of the ∆E distributions of
the type-1 B-candidates are found to lie about −5 MeV below zero. Therefore, the
E(eeK) / GeV ∆
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Figure 5.4: ∆E distributions of reconstructed decays B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b)
with J/ψ → e+e− in simulated run 1 to 4 MC events where the contribution of each B-candidate
class is given in a different color as labeled in the legend (c). The chosen interval for accepted
candidates is marked by the two vertical lines.
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allowed range for the discriminating variable ∆E is shifted by this amount. This leads
to requirements of −60 < ∆E(eeK) < 50 MeV and −30 < ∆E(eeKπ) < 20 MeV. The
∆E distributions of the weighted sum of run 1 to 4 simulated data events as well as the
chosen selection criteria are shown in Figures 5.4a and 5.4b for B+ and B0, respectively.
After applying the criteria described above to the discriminating variables of the
reconstructed decays B+ → J/ψK+ and B0 → J/ψK∗0 with J/ψ → e+e− from the pre-
selected events, only 0.07 % of the selected B+ events contain two selected B candidates.
For selected B0 events, about 1.45 % contain two B candidates and the tiny fraction
of 0.03 % even three. The treatment of events with multiple selected candidates is not
J/ψ vertex-fit probability P(χ2J/ψ ) > 10
−4
Invariant electron-pair mass 3.057 < m(e+e−) < 3.137 GeV/c2
K∗0 vertex-fit probability P(χ2K∗0) > 10
−4
Invariant Kπ mass 0.821 < m(K+π−) < 0.971 GeV/c2
B fit probability P(χ2B) > 10−4
−60 < ∆E(eeK) < 50 MeVEnergy difference −30 < ∆E(eeKπ) < 20 MeV
Multiple B candidates per event “best” P(χ2B)
Table 5.1: Summary of the additional requirements (besides the criteria from the pre-selection)
on the selected events with one reconstructed B candidate in either B+ → J/ψ (→ e+e−)K+ or




-r -w -cc -uds
run 1 B+ 172 174 1.3 2.6 2.4 0
run 2 B+ 575 515 9 4.1 8 0
run 3 B+ 278 270 3.8 1.9 0.7 0
run 4 B+ 630 1204 14 8 9 0
run 1 B0 89 87 2.6 8 7 0 1.3
run 2 B0 277 236 12 23 25 2.3 0
run 3 B0 152 131 4.7 11 13 0.7 0
run 4 B0 335 577 20 40 44 2.7 0
B+ → J/ψK+ 42.6% 55.7 % 0.7 % 0.4 % 0.5% 0
B0 → J/ψK∗0 40.6% 49.1 % 1.9% 3.9 % 4.2 % 0.3% 0.1 %
Table 5.2: Weighted number of selected B candidates with decays J/ψ → e+e− in the several
MC classes from the datasets of simulated run 1 to 4 events passing all selection requirements
including the “best”-candidate choice. On the bottom of the table the relative contribution of




changed from that described in Section 3.5.4. In such events only the B candidate
with the “best” χ2 probability for the fit of the whole B decay-tree with TreeFitter
is kept. The final selection requirements for the B decay-modes with J/ψ → e+e− are
summarized in Table 5.1. The weighted numbers of selected B candidates in the several
MC classes are given for the two reconstruction modes in Table 5.2. The observed
fractions of selected type-2 B-candidates are about 56% for B+ and 49% for B0 in the
decay modes with J/ψ → e+e−, whereas in the J/ψ → µ+µ− case, these fractions were
about 8 % and 6 % for B+ and B0, respectively.
5.2 Fit Method
Figures 5.5a and 5.5b show the weighted sum of the p∗ distributions for reconstructed
B+ and B0 mesons from the selected MC events. Since the ratios of the contributions
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Figure 5.5: p∗ distributions of reconstructed decays B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b)
with J/ψ → e+e− in simulated run 1 to 4 MC events. The contribution of each MC class is
shown with a different color as labeled in the legend (c).
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of selected type-1 and type-2 events are different to those from the decay modes with
J/ψ → µ+µ−, the fit procedure for MC events introduced in Section 4.1 has to be
modified. Instead of taking only type-1 events, the sum of type-1 and type-2 is used
for the parameter fit of the signal shape-function. This in turn requires very careful
checks of the MC distributions later in Section 5.3 to be sure that this does not lead
to a bias on the obtained result of ∆p∗.
5.2.1 Signal Fit-Functions
For the description of the signal, the same function type and parametrization is used
as before for the type-1 events of the muon modes, introduced in Section 4.1.1. Binned
χ2 fits are used in bins of 15 MeV/c in the interval between 170MeV/c and 440 MeV/c.
The obtained parameter values from the separate fits to the B+ and B0 distributions
Entries 
Mean  
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Figure 5.6: Fitted p∗ sum-distributions of type-1 and type-2 B-candidates in reconstructed
decays B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b) with J/ψ → e+e− from simulated run 1 to 4
B+B− and B0B0 MC events, respectively. The red dashed line shows the broader Gaussian of
F (p∗ |N, µ̂, σ̂, f, ∆µ, s).
84
5.2. Fit Method
parameter B+ → J/ψK+ B0 → J/ψK∗0
N 3822 ± 30 1879 ± 21
µ̂ (321.0 ± 0.4) MeV/c (315.4 ± 0.6) MeV/c
σ̂ (43.6 ± 0.4) MeV/c (43.1 ± 0.7) MeV/c
f (65 ± 12) % (73 ± 22) %
∆µ (−9 ± 3) MeV/c (−23 ± 44) MeV/c
s 1.49 ± 0.06 1.33 ± 0.44
χ2/NDoF 17.4/12 15.2/12
(a)
parameter B+ → J/ψK+ B0 → J/ψK∗0
N 3818 ± 30 1882 ± 21
µ̂ (320.8 ± 0.4) MeV/c (315.5 ± 0.5) MeV/c
σ̂ (43.4 ± 0.4) MeV/c (43.5 ± 0.5) MeV/c
f (69 ± 11) %
∆µ (−14 ± 4) MeV/c
s 1.45 ± 0.05
χ2/NDoF 36/26
(b)
parameter B+ → J/ψK+ B0 → J/ψK∗0
N 3817 ± 30 1883 ± 21
µ̂ (320.7 ± 0.4) MeV/c (315.6 ± 0.5) MeV/c
σ̂ (43.2 ± 0.3) MeV/c (*)
f (70 ± 10) %
∆µ (−14 ± 5) MeV/c
s 1.45 ± 0.05
χ2/NDoF 38/27
(c)
Table 5.3: Obtained parameter values for the signal shape in the binned χ2 fits to the p∗
distributions of reconstructed type-1 and type-2 events in B+ → J/ψK+ and B0 → J/ψK∗0
decays with J/ψ → e+e− from the combined run 1 to 4 BB MC. The parameters in (a) are
derived from separate fits to the p∗(B+) and p∗(B0) distributions. In the two simultaneous fits,
the parameters f , ∆µ, and s are required to be equal for both spectra (b) and in addition σ̂(B0)
is substituted (c). The σ̂ value for the B0 channel (*) follows from that of the B+ channel by
the relation in Equation 4.7 and is 43.9MeV/c.
as well as from the two simultaneous fits (see Section 4.1.5) are given in Tables 5.3a
to 5.3c. The derived parameter values from the three fit methods are very similar and
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the means p̂∗(B0) and p̂∗(B+) as well as their difference ∆p∗ agree well with the MC
expectation discussed in Equation 3.23. A reason for the observed slightly larger σ̂
values in these fits compared to those from the fits to the type-1 spectra from events
with J/ψ → µ+µ−, is given after the careful check of the MC-Truth information in
Section 5.3.1. The two separately fitted p∗ distributions are shown in Figures 5.6a and
5.6b for B+ and B0, respectively.
The fitted p∗ distributions of reconstructed type-1 events are used as a check and
the obtained parameters are well compatible with the values listed in the Tables 5.3a
to 5.3c. In addition, the small fraction (about 1.9%) of type-4 B0 events are again
approximated with the signal fit-function, like before for this type of reconstructed B0
in the events with J/ψ → µ+µ−.
5.2.2 Background Fit-Functions
It turned out that the fit functions for the approximation of the p∗ distributions of
type-3 events in the µ+µ− decay-modes as described in Section 4.1.3 can be used
also for the J/ψ → e+e− modes. The spectra of the latter decay modes show also
a peaking component in the signal region which is therefore described by the signal
shape-function with all parameters fixed to the values obtained from the binned χ2 fits
to the sum of type-1 and type-2 events except for the normalization, N . However, the
dominant part of the type-3 events is again described by a first order polynomial in
B+ → J/ψK+ and by a fifth order polynomial in B0 → J/ψK∗0. The parameters c0
and c1 of the linear fit-function for B+ are derived in a χ2 fit with 30 MeV/c binning in
the interval 0.2 < p∗(eeK) < 0.95 GeV/c, because of the lower statistics, see Figure 5.7a.
The coefficients ci, i = 1, . . . , 5 of the fifth order polynomial are obtained in a χ2 fit with
15 MeV/c binning between 0.12 GeV/c and 0.95 GeV/c, see Figure 5.7b. The obtained
parameter values of the two fits are summarized in Table 5.4.
parameter B+ → J/ψK+ B0 → J/ψK∗0
N 7.3 ± 2.42 15 ± 5
c0 (−12 ± 19) (GeV/c)−1 1 (GeV/c)−1
c1 (118 ± 31) (GeV/c)−2 (−1465 ± 523) (GeV/c)−2
c2 (17921 ± 172) (GeV/c)−3
c3 (−51434 ± 238) (GeV/c)−4
c4 (57915 ± 283) (GeV/c)−5
c5 (−22936 ± 241) (GeV/c)−6
χ2/NDoF 23.6/22 47/49
Table 5.4: Obtained values for the background-shape parameters in separate χ2 fits to the p∗
distributions of type-3 events selected in reconstructed B+ → J/ψK+ and B0 → J/ψK∗0 decays
with J/ψ → e+e− from the combined run 1 to 4 simulated BB and qq data. The parameters
ci of each fit are highly correlated.
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Figure 5.7: Fitted p∗ distributions of reconstructed type-3 B-candidates in decays
B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b) with J/ψ → e+e− in simulated run 1 to 4 BB and qq
MC events with different color for each sub-classes as labeled in the legend (c). The red dashed
lines show the polynomials describing the non-peaking part of the spectra.
5.2.3 Fit Method for Data Events
The fit procedure for data events as described in Section 4.1.5 for the decay modes
with J/ψ → µ+µ− will also be used to fit the reconstructed p∗ distributions of the
data events in the J/ψ → e+e− decay-modes. The obtained parameters ci of the two
background polynomials are fixed in the binned maximum-likelihood fits but the overall
normalization npoly of the background shape-function is allowed to vary. In addition
to µ̂ which gives the desired p̂∗(B), all other parameters of the signal shape-function,
N , σ̂, f , ∆µ, and s are allowed to vary. The fits are performed with 15 MeV/c binning
in the interval 0.12 < p∗ < 0.95 GeV/c. Again, also the two simultaneous fit procedures
are used. As done before in the fit procedures to the real data events from the muon
decay-channels, the means of the obtained p̂∗(B+) and p̂∗(B0) values are used to obtain
the result on ∆p∗ from the J/ψ → e+e− decay-modes.
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5.3 Monte Carlo Checks
In the following, the available MC-Truth information for the selected events is used
to analyze the influence of the detector simulation on the reconstructed B momenta,
p∗. Therefore, again the reconstructed and the true p∗(B) values are compared but
in contrast to the events with J/ψ → µ+µ− it is very important to study the sum of
selected type-1 and type-2 candidates. Then the whole fit procedure which will be later
performed on real data events with selected B candidates in the J/ψ → e+e− decay-
modes is validated. For this purpose, the events from the simulated MC data-samples
are used.
5.3.1 MC-Truth Information
As already done in Section 4.2.1 for the selected MC events with the B candidates
from the muon modes, the distributions of the differences p∗reco − p∗true are used to
check the reconstruction for the detector influence, first for the sum of type-1 and
type-2 events but also for type-1 events. The obtained unfitted mean values for the
sum of type-1 and type-2 events are (+0.16± 0.12) MeV/c and (+0.40± 0.10) MeV/c
for B+ and B0, respectively. This leads to a deviation on ∆p∗ of (+0.25± 0.19) MeV/c,
which is compatible with zero. The standard deviations of these distributions are
(16.08± 0.08) MeV/c for B+ and (13.48± 0.10) MeV/c for B0, which are slightly larger
than the observed standard deviations of p∗reco − p∗true in the sum of type-1 and type-2
events with J/ψ → µ+µ− decays, see Section 4.2.1 and Section 4.3.3. The differences
w.r.t. the muon-pair channels are (+3.23± 0.10) MeV/c forB+ and (+2.45± 0.12) MeV/c
for B0 which may be caused by not-recovered radiation of the electrons.
For the type-1 B-candidates alone, the influence of the detector simulation on the
difference ∆p∗ is (−0.29± 0.25) MeV/c. This value is obtained from the observed
unfitted mean values of p∗reco − p∗true of (+0.40± 0.16) MeV/c for B+ → J/ψK+ and
(+0.11± 0.19) MeV/c for B0 → J/ψK∗0. The values of the standard deviations of these
type-1 difference-distributions are (13.56± 0.11) MeV/c and (11.65± 0.13) MeV/c for
B+ and B0, respectively. This gives for the differences w.r.t. the muon-pair channel
(+1.14± 0.13) MeV/c for B+ and (+0.88± 0.15) MeV/c for B0.
5.3.2 Fit-Method Validation
Before the maximum-likelihood fits are performed on real data events with J/ψ → e+e−,
the fit procedure is again validated on five disjoint MC subsamples. These validation
samples are selected from all available run 1 to 4 simulated events of the BB and qq MC
modes in the same way as before for the muon decay-modes, see Section 4.2.2. The ob-
tained results from the three fit methods, where the two spectra of reconstructed p∗(B)
are fitted separately and simultaneously first only with equal signal shape-parameters
f , ∆µ, and s and then also with substituted σ̂(B0), are summarized in Table 5.5. The
obtained ∆p∗ values derived from the p̂∗(B+) and p̂∗(B0) means of the three fit methods
and their statistical errors are compared with the MC expectation in Figure 5.8. This
figure shows that the validation of the fit procedure for the events with J/ψ → e+e− is
successful.
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separate fits 314.9 ± 1.1 319.8 ± 0.7 −4.9 ± 1.3
simultaneous fit I 315.3 ± 1.1 319.7 ± 0.7 −4.4 ± 1.3
simultaneous fit II 315.1 ± 1.1 319.7 ± 0.7 −4.6 ± 1.3
mean 315.1 ±1.1 319.7 ±0.7 −4.6 ±1.3
separate fits 316.3 ± 1.1 319.9 ± 0.7 −3.6 ± 1.3
simultaneous fit I 316.1 ± 1.1 319.9 ± 0.7 −3.8 ± 1.3
simultaneous fit II 316.1 ± 1.1 319.9 ± 0.7 −3.8 ± 1.3
mean 316.2 ±1.1 319.9 ±0.7 −3.7 ±1.3
separate fits 315.5 ± 1.1 320.4 ± 0.7 −4.9 ± 1.3
simultaneous fit I 315.3 ± 1.1 320.5 ± 0.7 −5.2 ± 1.3
simultaneous fit II 315.4 ± 1.1 320.4 ± 0.7 −5.0 ± 1.3
mean 315.4 ±1.1 320.4 ±0.7 −5.0 ±1.3
separate fits 315.1 ± 1.1 322.0 ± 0.7 −6.9 ± 1.3
simultaneous fit I 315.5 ± 1.0 321.9 ± 0.7 −6.4 ± 1.3
simultaneous fit II 315.6 ± 1.0 321.9 ± 0.7 −6.3 ± 1.3
mean 315.4 ±1.0 321.9 ±0.7 −6.5 ±1.3
separate fits 315.3 ± 1.1 320.3 ± 0.7 −5.0 ± 1.3
simultaneous fit I 315.4 ± 1.0 320.2 ± 0.7 −4.8 ± 1.3
simultaneous fit II 315.5 ± 1.1 320.2 ± 0.7 −4.7 ± 1.3
mean 315.4 ±1.1 320.2 ±0.7 −4.8 ±1.3
Table 5.5: Results from the binned maximum-likelihood fits to the p∗ distributions of the
five MC validation-samples in B+ → J/ψ (→ e+e−)K+ and B0 → J/ψ (→ e+e−)K∗0(→ K+π−)
events. They are obtained in separate fits to the two p∗(B) spectra and in simultaneous fits
where the parameters f , ∆µ, and s are forced to be equal in B+ and B0 (simultaneous fit I)
and where in addition σ̂(B0) is substituted (simultaneous fit II).
5.4 Fit Results from Data
For the selection of data events in B+ → J/ψK+ and B0 → J/ψK∗0 decays with
J/ψ → e+e−, the above defined criteria which are already used for the simulated events
are applied. The only exception is the requirement on the invariant electron-pair mass
which is again shifted by −2 MeV/c2. This is done to be consistent with the selection
of real data events in the muon decay-modes where this shift was used to compensate
an observed mass shift in the reconstructed invariant muon-pair mass of inclusively in
B decays produced J/ψ mesons, cf. Section 4.4. Table 5.6 gives the number of selected
data events as well as the number of events with multiple B candidates where only the
one with the “best” probability of the decay-tree fit, P(χ2B), is kept after applying all
other requirements. For the latter, a comparison with the observed numbers from the
MC simulation gives for reconstructed B+ a fraction of about 0.07% with two candi-
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Figure 5.8: Comparison of the obtained ∆p∗ values of the five MC validation-samples for
the J/ψ → e+e− decay-modes derived from the means of the p̂∗(B) fit-results of the three
described fit methods. The blue vertical line marks the MC expectation from the generated
p∗(B) distributions, see Equation 3.23.
dataset & selected multiple-candidate
reco. mode candidates events
run 1 B+ 404 0
run 2 B+ 1266 2
run 3 B+ 683 1
run 4 B+ 2088 0
run 1 B0 173 4
run 2 B0 564 6
run 3 B0 324 4
run 4 B0 929 16
B+ → J/ψK+ 4441 0.07%
B0 → J/ψK∗0 1990 1.51%
Table 5.6: The numbers of selected events as well as the numbers of selected events with
multiple B candidates where only the one with the “best” P(χ2B) is kept, are given for each
data run-period. Only one selected B0 event in run 1 and one in run 4 contain even three B
candidates. The last two rows give the sum of all selected B+ and B0 events as well as the
fraction of events with multiple B candidates for run 1 to 4 together.
dates in data and in MC. For B0, the observed fractions of 1.4% and 0.10 % of events
with two and even three B candidates in data agree very well with the corresponding
MC fractions of 1.5% and 0.03 %, respectively, reported in Section 5.1.3.
A comparison of the reconstructed p∗ spectra in selected data and MC events with
J/ψ → e+e− is shown in Figures 5.9a and 5.9b for B+ and B0, respectively. The
MC distributions are weighted per run period and MC mode corresponding to their
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Figure 5.9: p∗ spectra of reconstructed decays B+ → J/ψK+ (a) and B0 → J/ψK∗0 (b) with
J/ψ → e+e− in run 1 to 4 MC and data events. BB and qq MC events are scaled per run
to their respective data luminosity. The sum is weighted that the integral over the interval
0.1 < p∗ < 0.5 GeV/c matches the number of selected data events in it. Each MC class is shown
in a different color and the data entries are marked as solid points as labeled in the legend (c).
respective data luminosities, combined and again scaled that the integral over the signal
region 0.1 < p∗ < 0.5 GeV/c matches the number of selected data events in this interval.
Reasons for the differences between the data and MC spectra are probably the same
as in the selected events with J/ψ → µ+µ−, they will be discussed in Section 6.1.
For all three methods, the results of the maximum-likelihood fits to the p∗(B) distri-
butions of the reconstructed decays B+ → J/ψK+ and B0 → J/ψK∗0 with subsequent
J/ψ → e+e− decay are listed in Tables 5.7a to 5.7c. The p∗ spectra for the selected B+
and B0 data events of run 1 to 4 are shown in Figures 5.10a and 5.10b, respectively,
together with the obtained shape functions from the two separately performed fits.
In Table 5.8 finally, the obtained values for p̂∗(B0) and p̂∗(B+) are summarized for
the separate fits to both spectra and the two simultaneous fits as well as for the means
from the three methods. The derived results for the difference ∆p∗ are also given in
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parameter B+ → J/ψK+ B0 → J/ψK∗0
npoly 1.92 ± 0.24 1.09 ± 0.11
N 4350 ± 70 1820 ± 40
µ̂ (321.1 ± 0.7) MeV/c (314.7 ± 1.1) MeV/c
σ̂ (45.6 ± 0.6) MeV/c (43.9 ± 0.9) MeV/c
f (80 ± 7) % (72 ± 13) %
∆µ (−49 ± 14) MeV/c (−48 ± 15) MeV/c
s 1.53 ± 0.13 1.39 ± 0.18
(a)
parameter B+ → J/ψK+ B0 → J/ψK∗0
npoly 1.93 ± 0.24 1.08 ± 0.11
N 4350 ± 70 1820 ± 40
µ̂ (321.1 ± 0.7) MeV/c (314.7 ± 1.1) MeV/c
σ̂ (45.4 ± 0.6) MeV/c (44.3 ± 0.9) MeV/c
f (78 ± 6) %
∆µ (−48 ± 10) MeV/c
s 1.48 ± 0.10
(b)
parameter B+ → J/ψK+ B0 → J/ψK∗0
npoly 1.95 ± 0.24 1.05 ± 0.10
N 4350 ± 70 1830 ± 40
µ̂ (321.1 ± 0.7) MeV/c (314.6 ± 1.1) MeV/c
σ̂ (44.9 ± 0.5) MeV/c (*)
f (78 ± 6) %
∆µ (−47 ± 10) MeV/c
s 1.50 ± 0.10
(c)
Table 5.7: Obtained parameters from the fits to the p∗(B) spectra in the reconstructed decays
B+ → J/ψK+ and B0 → J/ψK∗0 with J/ψ → e+e− of the combined run 1 to 4 data. The
results in (a) are derived from separate fits to the p∗(B+) and p∗(B0) spectra. In the two
simultaneous fits, the signal shape-parameters f , ∆µ, and s are forced to be equal in B+ and
B0 (b) and in addition σ̂(B0) is substituted (c). In the latter fit, σ̂ for the B0 channel (*)
follows from that of the B+ channel using Equation 4.7 and is 45.8MeV/c.
this table. The mean value from the three fit methods is
∆p∗ = p̂∗(B0)− p̂∗(B+) = (−6.4± 1.3) MeV/c . (5.1)
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Figure 5.10: Fitted p∗ distribution of reconstructed decays B+ → J/ψ (→ e+e−)K+ (a) and
B0 → J/ψ (→ e+e−)K∗0(→ K+π−) (b) in the combined run 1 to 4 data. The red dashed line







separate fits 314.7 ± 1.1 321.1 ± 0.7 −6.4 ± 1.3
simultaneous fit I 314.7 ± 1.1 321.1 ± 0.7 −6.4 ± 1.3
simultaneous fit II 314.6 ± 1.1 321.1 ± 0.7 −6.5 ± 1.3
mean 314.7 ±1.1 321.1 ±0.7 −6.4 ±1.3
Table 5.8: Summary of the results from the binned maximum-likelihood fits to the p∗ distri-
butions of the run 1 to 4 data events with J/ψ → e+e−. The results are obtained in separate
fits to the two p∗(B) spectra and in simultaneous fits where the parameters f , ∆µ, and s are
forced to be equal in B+ and B0 (simultaneous fit I) and in addition σ̂(B0) is substituted





This chapter describes all further studies which are either additional cross-checks or
contribute to the estimate of the systematic uncertainties for the presented measure-
ment. The following potential sources are included in these studies:
1. the fit functions for the signal,
2. the fit functions for background,
3. the fit binning,
4. the influence of the detector simulation,
5. the influence of the magnetic-field uncertainty,
6. the influence of the Υ (4S) boost,
7. differences from the run cycles,
8. the chosen selection requirements, and
9. the charge asymmetry,
where the first six contribute to the estimate of the systematic uncertainty and the last
three are only cross-checks. In all studies, first the data samples of reconstructed B0 and
B+ mesons from the decay chains with J/ψ → µ+µ− are analyzed for their contribution
to the measurement systematics. After this, the gained experience is used to estimate
the contribution for the J/ψ → e+e− decay-modes. A summary of all contributions can
be found separately for the two modes of the lepton final-states in Table 6.6.
6.1 Signal Fit-Function
In principle it should be possible to fix some parameters in the fit function which is
used to approximate the shape of the signal events in the reconstructed p∗ distributions.
Especially the parameters describing the differences between the two Gaussian fit-
components, the normalization fraction f , the mean difference ∆µ, and the ratio of
the two sigmas s. However, there are significant differences in the distributions of the
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data and the MC events, for a comparison see the spectra of reconstructed B+ and B0
events with J/ψ → µ+µ− and J/ψ → e+e− in Figures 4.13 and 5.9, respectively. This
is also reflected by the obtained parameter values in the fit results from the MC and
the data. These observed differences may be due to the simplified model of the Υ (4S)
line-shape which is used in the BABAR simulation, e.g. it does not simulate initial-state
radiation (ISR) for Υ (4S) → BB, see Section 3.4.1.
Therefore, these three parameters are not simply fixed in the data fits to the values
obtained in the MC fits. Instead, different fit methods have been investigated using
besides the separate fits also simultaneous fits for the two p∗ distributions of B+ and
B0 events, see Section 4.1.5. In these simultaneous fits, the parameters mentioned
above are required to be equal in the two signal shape-functions but may be different
in data and MC. For the nominal results of ∆p∗ in events with J/ψ → µ+µ− as well
as with J/ψ → e+e−, the means of the obtained differences of the three fit methods
are chosen. The observed variations between the results of the three methods are used
in the estimate of the systematic uncertainty originating from the choice of the signal
function. For this purpose, the mean of these variations are taken which have been
observed in the fits to the data events as well as in the fits to the events of the five MC
validation-samples.
This procedure gives for the ∆p∗ result from the events with J/ψ → µ+µ− decays a
contribution to the systematic uncertainty of ±0.12 MeV/c, cf. Tables 4.5 and 4.12. The
systematic uncertainty for the choice of the signal fit-function assigned to the ∆p∗ result
which is obtained from the events reconstructed in the decay modes with J/ψ → e+e−
is ±0.17 MeV/c, see Tables 5.5 and 5.8.
6.2 Background Fit-Function
The shape of the background function which describes the p∗ distribution of the com-
binatorial background (type-3) in reconstructed B0 → J/ψK∗0 events is the most im-
portant contribution to the systematics which is in contrast to the background shape
in reconstructed B+ → J/ψK+ events. One reason for this is the different fraction of
background events in the signal region of 0.1 ≤ p∗ ≤ 0.5 GeV/c which are about 0.2 %
for J/ψ → µ+µ− and 0.4 % for J/ψ → e+e− in B+ events but about 4.4 % and 3.8 % in
B0, respectively. The other reason is the choice of the fit function for the approximation
of the contribution of the p∗(B0) spectrum from these background events. This fifth
order polynomial has five free parameters, the coefficients ci (i = 1, . . . , 5) which have
to be determined in the binned χ2 fits to the simulated MC data.
Therefore, different background shapes have been investigated especially for B0
events. To check the stability of the obtained fit results, this investigation is also done
with a tighter and a wider cut on the discriminating variable ∆E for the selected B0
events using |∆E| < (20 and 30)MeV. As additional demonstration, the cut on the
energy difference is widened to the originally intended requirement of |∆E| < 55 MeV
which increases the background yield again, to show that this will indeed lead to a larger
contribution to the systematic uncertainty. For B+ events however, a fit-stability test
is performed with different binning in the MC type-3 parameter-fits.
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6.2.1 Background Shape in B+ Events
The chosen parameterization for the background polynomial of the p∗ spectrum in
reconstructed B+ data-events with fixed coefficients c0 and c1 but a free overall nor-
malization npoly fixes this linear function at the intersection with the p∗-axis. Since
the number of background events for p∗ values below this point is zero, the data fit
can take into account only a possible different background level for p∗ values above
it. To check the consistency of the parameter fit in the MC events where the two
coefficients are obtained, a different binning in these χ2 fits is investigated. Using bin
widths of (15, 30, and 45) MeV/c in the MC parameter-fits, the data results for the
obtained p̂∗(B+) values from the separate fits where only the p∗(B+) distributions are
fitted are compared with each other. For reconstructed data events in B+ → J/ψK+
with J/ψ → µ+µ−, the observed variation in p̂∗(B0) is less than ±0.01 MeV/c with a
nearly unchanged number of background events under the signal region of about 11 to
12 compared to about 5580 signal events. In the decay-mode with J/ψ → e+e−, the
observed change in ∆p∗ is about ±0.03 MeV/c and the obtained number of background
events varies from 5 to 18 compared to about 4350 signal events which is a variation in
the relative background contribution of 0.1 % to 0.4%.
6.2.2 Change of the B0 Background-Normalization
The first simple check for the background shape in B0 events with J/ψ → µ+µ− is per-
formed by fixing the normalization npoly of the background polynomial to one, which
means assuming that the MC describes the observed background in real data very well.
This is done for the various ∆E cuts tested in Section 4.3 for the reduction of the
background yield. The largest deviation from the obtained fit results µ̂ for the various
∆E cuts which is always negative for the datasets with fixed normalization, is only
−0.09 MeV/c. In the fits with free npoly a variation 1.02 to 1.21 in this parameter is ob-
served. However, more important are the different shapes which have been investigated
and which are described in the following.
6.2.3 Change of the B0 Background-Shape
In the second method, different background shapes in the signal region of the p∗ dis-
tribution of the reconstructed B0 → J/ψK∗0 events are used. These are obtained by
multiplying the fifth order polynomial P5(p∗ |npoly) with a function TC(p∗ |A, b, x1, x2)
which is defined in the interval x1 < p∗ < x2 as:







and as TC(p∗) = 1 else but with fixed parameters A, b, x1, and x2. After some ex-
perimentation with several values for these parameters in order to find a varied shape
function FBGR = P5 × TC for the approximation of the background spectrum which still
gives a physical reasonable description of the background level, the following parameter
97
Chapter 6. Systematic Studies
Entries 
Mean  













 -1) / GeVcπKµµp*(
































































 -1) / GeVcπKµµp*(

















































Figure 6.1: Fitted p∗ distribution with negative (a) and with positive (b) value
for the amplitude A in the varied background fit-function for reconstructed decays
B0 → J/ψ (→ µ+µ−)K∗0(→ K+π−) in the combined run 1 to 4 data. The red dashed line
shows the varied background shape and the blue long dash-dotted line shows the original used




x1 = µ̂− 13σ̂
x2 = µ̂+ 5σ̂ .
(6.2)
This parametrization defines a sine function with an amplitude, A, of 0.4 for an-
gles between π/2 and π, where the maximum (at π/2) is located at p∗max = µ̂− 4σ̂.
The resulting background fit-function FBGR(p∗ |npoly) which replaces the polynomial
P5(p∗ |npoly) is then used in two maximum-likelihood fits to the spectrum of the B0
data-events, first with the negative amplitude A = −0.4 and in a second step with the
positive amplitude A = +0.4. In these two fits, again all parameters of the signal fit-
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function as well as the overall normalization of the polynomial, npoly, are allowed to
vary whereas the coefficients ci are fixed to the values from the MC fit. In Figures 6.1a
and 6.1b the fitted data distribution for the J/ψ → µ+µ− decay-channel is shown with
negative and positive value for the parameter A, respectively. The observed deviations
of p̂∗(B0) from the result in Table 4.11a are given in Table 6.1. The change in p̂∗(B0)
is −0.25 MeV/c and +0.22 MeV/c for the negative and positive amplitude, respectively.
The obtained shifts for the other data samples with the changed cut on ∆E are also
listed in Table 6.1.
This study is also done for the reconstructedB0 events with subsequent J/ψ → e+e−
decays but only for the dataset with the final cut on the discriminating variable ∆E
applied. The parameters A, b, x1, and x2 are taken as defined in Equation 6.2. The ob-
served changes in p̂∗(B0) are slightly smaller than the above values for the J/ψ → µ+µ−
decay-channel. I obtain a shift of −0.16 MeV/c for the negative amplitude, A, and
+0.16 MeV/c for the positive A.
6.2.4 Weight MC Events with “Like-Sign” K+π+-Pair Results
As third background study, events with J/ψ → µ+µ− are used in which the K∗0 can-
didate is reconstructed from a pair of charged tracks where the K and the π candidate
have the same electrical charge. The selection requirements for these “like-sign” events
are the same as for the events with the right charge combination for the K∗0 daughter-
tracks. Since these datasets do not contain any type-1, type-2 or type-4 events by
definition, they can be used to study the difference of the combinatorial background in
data and MC. Furthermore, these events can be used to weight the type-3 MC events
of the “right-sign” datasets prior to the determination of the background-shape pa-
rameters. The data-MC difference is studied by dividing the entries of the histogram
with the reconstructed p∗ values from the data events by the corresponding histogram
from the MC events, bin by bin in a rough binning of 25MeV/c because of the lower
statistics in the “like-sign” data samples. This distribution is finally approximated
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Figure 6.2: The data-MC difference-histogram in “like-sign” events of the final dataset
(|∆E| < 25 MeV) as the binned ratio of data and MC is approximated in a χ2 fit by a first
order polynomial.
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δp̂∗(B0)
MeV/c
from bgr-shape variation with
|∆E|
“like-sign”
A = −0.4 A = +0.4
weights
< 55 MeV −0.35 +0.35 −0.13
< 30 MeV −0.25 +0.24 −0.05
< 25 MeV −0.25 +0.22 −0.24
< 20 MeV −0.16 +0.15 −0.11
Table 6.1: Observed changes in p̂∗(B0) from the variations of the background (bgr) shape–
function for the B0 events with J/ψ → µ+µ−.
“like-sign” correction q0 in side-band|∆E|
p0 p1 · GeV/c npoly “like-sign” “right-sign”
< 55 MeV 0.65 ± 0.12 0.30 ± 0.22 1.20 ± 0.07 0.90 ± 0.07 0.90 ± 0.06
< 30 MeV 0.70 ± 0.16 0.12 ± 0.30 1.40 ± 0.11 0.80 ± 0.10 0.77 ± 0.08
< 25 MeV 0.30 ± 0.16 0.78 ± 0.32 1.44 ± 0.13 0.81 ± 0.11 0.73 ± 0.09
< 20 MeV 0.39 ± 0.21 0.49 ± 0.41 1.70 ± 0.16 0.69 ± 0.11 0.75 ± 0.10
Table 6.2: Obtained parameters from the fits of the data-MC differences taken as the binned
ratios of data and MC events in the run 1 to 4 “like-sign” datasets with a linear function.
The normalizations, npoly, are obtained from fits to the (“right-sign”) data where the back-
ground-shape coefficients are taken from the type-3 spectra which is corrected with this linear
function. In addition, this data-MC ratio approximated by a constant q0 is given for the
“right-sign” and “like-sign” events in the p∗ side-band region.
by a first order polynomial with coefficients p0 and p1 in a χ2 fit within the inter-
val 0.05 < p∗(µµKπ) < 0.975 GeV/c. The fitted distribution is shown in Figure 6.2 for
the decay mode with J/ψ → µ+µ−, its parameters are given in Table 6.2. This linear
function is now used to weight the type-3 “right-sign” MC events in order to fit the
distribution of weighted MC events and finally to use the new background shape in
the data fit where again only the overall normalization of the background polynomial
is allowed to vary. The obtained normalization factor, npoly, is also given in Table 6.2.
This procedure is also done for the several datasets which differ only in the chosen ∆E
cut. The obtained parameters of the linear correction function are given in Table 6.2,
too. Finally, the observed variations in p̂∗(B0) are summarized in Table 6.1.
As a consistency check, the binned data-MC ratios in the p∗ side-band region
0.475 < p∗ < 0.975 GeV/c of the fitted “right-sign” and “like-sign” events are compared
with each other. In the p∗ side-band, χ2 fits with the same 25 MeV/c binning are
performed where a constant q0 instead of a linear function is used for the approxi-
mation. The obtained values for the parameters of the MC correction-functions, the
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background-shape normalization, npoly, from the maximum-likelihood fits to the data,
and the values for the side-band comparison of the “right-sign” and “like-sign” events
are summarized in Table 6.2. The two data-MC ratios are well compatible with each
other.
From the observed variations in p̂∗(B0) which are summarized in Table 6.1, I con-
clude that the contribution to the systematic uncertainty on ∆p∗ for the background
shape-function of the B0 events with J/ψ → µ+µ− is±0.25 MeV/c. For the J/ψ → e+e−
decay-channels the assigned systematic uncertainty is ±0.16 MeV/c, see Section 6.2.3.
6.3 Binning
The influence of the chosen binning to the fit result is studied by investigating three
additional bin widths to the data histograms, of (5, 10, and 20) MeV/c bins. The
obtained results for the p̂∗(B) from the maximum-likelihood fits to the B+ and B0 data
events with subsequent J/ψ → µ+µ− decays are summarized in Table 6.3. The variation
from the separate fits of the two p∗ spectra is found to be ±0.05 MeV/c and ±0.06 MeV/c
for B+ → J/ψK+ and B0 → J/ψK∗0 events with J/ψ → µ+µ−, respectively. Adding
the obtained variations for p̂∗(B+) and p̂∗(B0) in quadrature gives a small effect on
∆p∗ of ±0.08 MeV/c. Since this effect is so small, no separate study of the fits to the
data events with J/ψ → e+e− is performed. Therefore, ±0.08 MeV/c will be applied to







5 MeV/c 321.42 316.89
10 MeV/c 321.38 316.99
15 MeV/c 321.46 317.00
20 MeV/c 321.37 316.88
Table 6.3: Influence of the chosen binning in the data histograms on the fit results for p̂∗(B+)
and p̂∗(B0).
6.4 Detector Simulation
The influence of the detector simulation on the difference ∆p∗ was obtained by the dif-
ference of the unfitted means of the distributions of the differences p∗reco − p∗true for
the sum of type-1 and type-2 MC events in B0 → J/ψK∗0 and B+ → J/ψK+ de-
cays, for a discussion see Section 4.2.1. The observed effect on the desired difference
∆p∗ was (−0.14± 0.13) MeV/c for events with J/ψ → µ+µ− (cf. Section 4.3.3) and
(+0.25± 0.19) MeV/c for events with J/ψ → e+e− (cf. Section 5.3.1). Both are compat-
ible with zero and thus no correction is applied to the obtained results on ∆p∗. However,
for the estimate of the systematic uncertainty here, one should be very conservative.
101
Chapter 6. Systematic Studies
This leads to the choice to take the maximum of ±|mean± error|, e.g. ±0.27 MeV/c
for the reconstructed decay-modes with J/ψ → µ+µ− and ±0.44 MeV/c for the decay-
modes with J/ψ → e+e−.
6.5 Magnetic-Field Uncertainty
To find the contribution to the systematics on the measurement of ∆p∗ from a pos-
sible momentum bias caused by small uncertainties in the magnetic field, all track
momenta of the reconstructed B candidates in data and MC events with J/ψ → µ+µ−
are corrected with a constant factor of 0.04 %. This constant is an estimate originating
from the simplest possible correction of the invariant muon-pair mass in reconstructed
J/ψ → µ+µ− decays from real data events which was found to be about 1.3MeV/c2
lower than the true mass of the J/ψ in a previous study [35] using a sample of inclu-
sively in B decays produced J/ψ mesons. Then the procedure for the separate fits of
the B+ and B0 spectra is performed as described in Section 4.1.5 and the results for
p̂∗(B0) and p̂∗(B+) of the MC and data events are compared to the values obtained
in Section 4.1 and Section 4.4. The difference of the two p̂∗(B) values in the type-1
MC-events is found to be +0.15 MeV/c for B+ and +0.16 MeV/c for B0. These shifts
are essentially equal and change ∆p∗ by only +0.01 MeV/c. As additional check, the
distributions of the differences between the corrected and the uncorrected values of
the reconstructed p∗ in type-1 events alone as well as in the sum of type-1 and type-2
events are studied. Their unfitted means give a shift of +0.13 MeV/c for both p̂∗(B)
values and thus shows that such a simple correction has no effect on the difference ∆p∗.
Nevertheless, the two p∗ spectra from the data events with applied track-momentum
correction are fitted using the fixed background-shape coefficients obtained from the
uncorrected type-3 MC events. The observed shift is +0.13 MeV/c for both p̂∗(B) values
and thus no effect is seen on ∆p∗. Therefore, no systematic uncertainty is assigned to
the result on ∆p∗ from the uncertainty of the magnetic field.
6.6 Influence of the Boost
The influence of the boost has been studied on MC events by using a changed boost
vector on the reconstructed B momenta in the laboratory frame to obtain p∗(B). This
changed boost is obtained by multiplying the z-component of the “actual” boost vector
by 1.005. This change is five times larger than the known width of the βγ distribu-
tion which is 0.1%. Even with this big boost variation of 5σ, the effect on ∆p∗ is
negligible. The difference p∗(βγ = 0.5583)− p∗(βγ = 0.5555) in type-1 MC-events has
a distribution with a mean of (0.89± 0.07) MeV/c for B0 and (0.88± 0.05) MeV/c for
B+. However, the influence on ∆p∗ is only (−0.01± 0.09) MeV/c. Thus, no systematic
uncertainty is assigned to the influence of the boost.
6.7 Dependence on Run Cycles
For this study, first the difference of SP5 and SP6 in type-1 events with J/ψ → µ+µ−
is analyzed. The results for p̂∗(B0) and p̂∗(B+) are given in the first three rows of
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Table 6.4. The observed differences for the two p̂∗(B) values are (0.3± 0.6) MeV/c and
(1.0± 0.9) MeV/c for B+ → J/ψK+ and B0 → J/ψK∗0 events, respectively, which are
not significant.
In data, there are differences between the run-cycle group 1 to 3 and run 4. Separate
fits for the p∗ spectra in B+ and B0 events with J/ψ → µ+µ− give the results in the
lower part of Table 6.4. Here p̂∗(B+) differs by (+4.0± 1.3) MeV/c and p̂∗(B0) by
(+5.4± 1.9) MeV/c. This may well be due to different mean storage-ring energies in
these data-taking periods. However, there is no significant effect on ∆p∗. Therefore,
the result of this study does not lead to an additional systematic uncertainty on ∆p∗.








SP5 & SP6 320.28 ± 0.3 315.29 ± 0.4 −5.0 ± 0.5
SP5 320.20 ± 0.5 316.15 ± 0.7 −4.1 ± 0.9
SP6 320.45 ± 0.4 315.19 ± 0.5 −5.3 ± 0.6
run 1 to 4 321.46 ± 0.6 317.00 ± 0.9 −4.5 ± 1.1
run 1 to 3 323.29 ± 0.9 319.60 ± 1.3 −3.7 ± 1.6
run 4 319.31 ± 0.9 314.22 ± 1.4 −5.1 ± 1.7
Table 6.4: Run-cycle dependence of the fit results for type-1 MC events (first three rows) as
well as for the data events where the fits use the background-shape parameters obtained from
the corresponding simulation cycle (last three rows).
6.8 Variation of Selection Requirements
A very important cross-check is the test of the influence of a variation of the selection
requirement on the kinematic variable ∆E on the obtained fit result, since there ex-
ists a small correlation between ∆E and p∗. This is done for the decay modes with
J/ψ → µ+µ−. Besides ∆E, the cut variables RAll2 , m(K+π−), and ϑHELI(J/ψ ) are also
varied. Last but not least, the special choice of one B candidate in events with multi-
ple candidates which pass all other selection requirements has to be studied, too. The
observed changes in the results of the two p̂∗(B) are summarized in Table 6.5.
The impact on the fit result for p̂∗(B) (= µ̂) is studied separately for the two B
decay channels and separately for each cut variable with all other selection requirements
unchanged from the final dataset definition. For each check, the background-shape
parameters are again determined from the MC events prior to the fits to the data
events by using the same varied cut as in the data.
The final datasets contain only B+ → J/ψK+ events with |∆E| < 55 MeV and
B0 → J/ψK∗0 events passing |∆E| < 25 MeV. The influence of the chosen cut on this
variable is studied by first tightening and then widening the requirement. For recon-
structed B+ → J/ψK+ events with J/ψ → µ+µ−, the changes to |∆Et| < 40 MeV and
to |∆Ew| < 75 MeV give deviations of the obtained p̂∗(B+) result of +0.28 MeV/c and
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+0.13 MeV/c, respectively. The cuts |∆Et| < 20 MeV and |∆Ew| < 30 MeV are used
for B0 → J/ψK∗0 events and give p̂∗(B0) deviations of +0.33 MeV/c and −0.23 MeV/c,
respectively.
The variation of the remaining three variables, ϑHELI(J/ψ ), m(K+π−), and RAll2
are done by simply removing the appropriate cut completely, one by one. The observed
deviations for the signal-shape fit-parameter µ̂ are +0.01 MeV/c and −0.19 MeV/c for
B+ and B0, respectively, if the requirement on ϑHELI(J/ψ ) is removed. Removing
the cuts on the discriminating variables m(K+π−) and RAll2 give deviations of the
obtained p̂∗(B0) of −0.35 MeV/c and +0.05 MeV/c, respectively. Removing the cut
on m(K+π−) is meant for the event selection from the n-tuples. Therefore, the pre-
selection requirement of m(K∗0)PDG ± 3 Γ(K∗0)PDG is still applied for B0 → J/ψK∗0
events. From all obtained deviations which are summarized in Table 6.5, the largest
originates from the variations of the cuts on ∆E and m(K+π−). However, in the
systematic-uncertainty account, the here observed variations are already covered by
the applied systematic uncertainty from the background shape, see Section 6.2.
The last cross-check for the chosen cuts is the influence of the treatment of events
with multiple B candidates, where only the B with the “best” χ2 probability of the B
decay-chain fit from the TreeFitter result is kept. To see if this introduces an unwanted
bias to the p̂∗(B0) and p̂∗(B+) results, this method is changed for the J/ψ → µ+µ−
decay-modes, so that a random B candidate from those events is selected, instead.
Since there is only a very small number of events with multiple candidates, see Sec-
tion 4.4, the deviations of the two fit results are very small, only p̂∗(B0) changes by
−0.17 MeV/c. This check is also done for the χ2 fit to the spectra of the type-1 B-
candidates in the MC events which again gives only a change in the obtained p̂∗(B0)
value of −0.02 MeV/c. Therefore, the conclusion is that there is no bias introduced by









ϑHELI(J/ψ ) +0.01 −0.19
m(K+π−) −0.35
RAll2 +0.05
“best” P(χ2B) choice 0 −0.17
Table 6.5: Observed changes of the obtained results p̂∗(B+) and p̂∗(B0) from the fits to the




The p∗ fits have been done separately for data events with reconstructed B+ and B−
candidates as well as with B0 and B0 candidates in order to check if there exists a
charge asymmetry. For these fits, the background-shape parameters are fixed to the
same values as for the data fits presented in Section 4.4 for the decay-modes with
J/ψ → µ+µ− and in Section 5.4 for J/ψ → e+e− decays, but again all parameters of
the signal fit-function are allowed to vary. From the fits, one gets for the charged and
neutral B mesons with J/ψ → µ+µ− decays:
p̂∗(B+) = (321.4± 0.9) MeV/c ,
p̂∗(B−) = (321.7± 0.9) MeV/c ,
p̂∗(B0) = (317.2± 1.3) MeV/c ,
p̂∗(B0) = (316.8± 1.3) MeV/c
(6.3)
which leads in both cases to negligible differences of the two observed p̂∗(B) values:
δc(p̂∗) = p̂∗(B+)− p̂∗(B−) = (−0.3± 1.3) MeV/c ,
δn(p̂∗) = p̂∗(B0)− p̂∗(B0) = (0.4± 1.8) MeV/c .
(6.4)
The separate fits of the p∗ spectra for B+, B−, B0, and B0 data events with
J/ψ → e+e− are also checked for the existence of a charge asymmetry. However, these
give also no significant differences
p̂∗(B+) = (320.5± 1.0) MeV/c ,
p̂∗(B−) = (321.6± 1.0) MeV/c ,
p̂∗(B0) = (314.4± 1.5) MeV/c ,
p̂∗(B0) = (315.6± 1.5) MeV/c
(6.5)
from which one obtains the differences
δc(p̂∗) = p̂∗(B+)− p̂∗(B−) = (−1.0± 1.4) MeV/c ,
δn(p̂∗) = p̂∗(B0)− p̂∗(B0) = (−1.2± 2.1) MeV/c .
(6.6)
Therefore, no charge asymmetry is observed which could contribute to the system-
atic uncertainty.
6.10 Summary of the Systematic Uncertainties
Table 6.6 summarizes all systematic uncertainties for the measurement of the differ-
ence ∆p∗ from reconstructed decays B+ → J/ψK+ and B0 → J/ψK∗0 separately for
the decay-modes with J/ψ → µ+µ− and J/ψ → e+e−. Adding all contributions in
quadrature gives for the events with the muon decay-channels ±0.4 MeV/c as well as
±0.5 MeV/c for the events with the electron decays of the J/ψ mesons.
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systematic uncertainty on ∆p∗ forstudy
J/ψ → µ+µ− J/ψ → e+e−
Signal Fit-Function ±0.12 MeV/c ±0.17 MeV/c
B+ Background Fit-Function ±0.01 MeV/c ±0.03 MeV/c
B0 Background Fit-Function ±0.25 MeV/c ±0.16 MeV/c
Data-Histogram Binning ±0.08 MeV/c ±0.08 MeV/c
Reconstruction ±0.27 MeV/c ±0.44 MeV/c
Quadratic Sum ±0.40 MeV/c ±0.51 MeV/c
Table 6.6: Summary of the systematic uncertainties for the measurement of ∆p∗ from the




In the following, a summary of the performed analysis is given, before the final results on
the obtained momentum differences ∆p∗ for the decay channels with J/ψ → µ+µ− and
J/ψ → e+e− are presented. Finally, the extracted result on the desired mass difference
∆m is discussed and is compared to our current knowledge from other experiments.
7.1 Summary
For a precision determination of the mass difference of neutral and charged B mesons,
the presented analysis uses about 210.4 fb−1 data recorded with the general-purpose
detector of the BABAR experiment at the e+e− storage-ring system PEP-II located
at the Stanford Linear Accelerator Center. This amount of data taken within the
run periods 1 to 4 from February 2000 to July 2004 corresponds to approximately
(231.6± 2.6)× 106 produced BB pairs in events of e+e− → Υ (4S) → BB. B0 and
B+ mesons are fully reconstructed from the decays B+ → J/ψK+ and B0 → J/ψK∗0
using the subsequent decays J/ψ → µ+µ− and J/ψ → e+e− as well as K∗0 → K+π−
for the reconstruction of J/ψ mesons and K∗0 resonances. For reconstructed electrons,
the attempt is made to recover the energy loss due to emitted bremsstrahlung photons
because the effects of final-state radiation are particularly important for these light
particles. Since the contribution of radiative processes which have to be taken into
account is different for the decay modes with J/ψ → µ+µ− and J/ψ → e+e−, they are
studied separately within this analysis.
However, small uncertainties in the magnetic field and in the energy loss of charged
final-state particles cause tiny uncertainties in the reconstructed daughter-particle mo-
menta on the level of a few 10−4. Therefore, the mass difference m(B0)−m(B+) is
obtained from p∗(B), the measured B momenta in the CM system, the Υ (4S) rest
frame. This minimizes the detector-resolution effects and thus, is in contrast to the
determination from the separate measurement of the invariant B-meson masses.
The energy spread of the PEP-II beams lead to smeared CM energies,
√
s, which in
turn result in distributions of p∗(B+) and p∗(B0). For each
√
s in the energy distribu-
tion, however, the momentum difference ∆p∗ = p∗(B0)− p∗(B+) is the same. There-
fore, the means p̂∗(B+) and p̂∗(B0) of the two p∗ spectra give ∆p∗ which in turn will
lead to the desired mass difference ∆m by using Equation 3.2. For this purpose, these
two means are obtained in three procedures performing maximum-likelihood fits on
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the data spectra of the two B-decay modes. In the first method, the distributions of
the p∗ values are fitted separately for B+ and B0. For the other two methods where
the measured p∗(B+) and p∗(B0) are fitted simultaneously, some parameters are forced
to be equal in the fit functions of the two B modes. An additional parameter substi-
tution in one of the simultaneous fit methods leads to a further simplification of the
shape-function parametrization.
7.2 Results and Conclusion
The chosen decay chains allow a reconstruction of charged and neutral B mesons with
very little background which is reflected by the observed numbers of signal and back-
ground events. In 5678 selected events with reconstructed B+ → J/ψ (→ µ+µ−)K+,
approximately 5580 events are found to be pure signal and only about 12 background
events lie within the signal region defined by the interval 0.1 ≤ p∗ ≤ 0.5 GeV/c. The
observed fraction of the latter is larger in the 2508 selected events with reconstructed
B0 → J/ψ (→ µ+µ−)K∗0(→ K+π−) which contain about 2280 signal and 104 back-
ground events. For the decay modes with J/ψ → e+e−, this is similar. The 4441 se-
lected B+ events consist of about 4350 signal and 18 background events and in the 1990
B0 events the numbers for the signal and the background are 1820 and 71, respectively.
The standard deviations of the p∗(B) spectra observed in the fits to the data is
about 44MeV/c. This quantity consists of a large fraction of approximately 41 MeV/c
originating from the energy spread of the PEP-II beams and a much smaller fraction
from the momentum resolution of the reconstructed charged tracks in the detector,
which is typically 13 MeV/c. The latter is slightly different for B+ and B0, but also for
reconstructed decays with J/ψ → µ+µ− and J/ψ → e+e−.
The obtained results of ∆p∗ from the fits to the p∗(B) distributions of the data are
(−4.8± 1.1± 0.4) MeV/c for events with J/ψ → µ+µ− and (−6.4± 1.3± 0.5) MeV/c for
events with J/ψ → e+e− which are well compatible with each other. Therefore, their
weighted mean is taken as result which gives
∆p∗ = (−5.5± 0.8± 0.5) MeV/c . (7.1)
The weights are only taken from the statistical errors because they are completely
uncorrelated, whereas the systematic uncertainties are highly correlated.
The mass difference ∆m can be extracted from the obtained result on ∆p∗ by using














which is very insensitive to s and p∗(B0). Using
√
s = 10.580 GeV for the CM energy
and p∗(B0) = 0.316 GeV/c for the B0 momentum in the CM frame, the final result on
∆m is obtained to
∆m = m(B0)−m(B+) = (+0.33± 0.05± 0.03) MeV/c2. (7.3)
The uncertainties on the determination of ∆m originating from
√
s and p∗(B0) can be
derived from Equation 7.2. Varying
√
s by even ±10 MeV, has only a tiny influence on
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∆m of ±0.0003 MeV/c2. A variation of the value for p∗(B0) by ±3 MeV/c changes the
result on ∆m by ±0.003 MeV/c2 which is still negligible compared to the systematic
uncertainty.
The obtained result on ∆m is well compatible with our current knowledge from
other experiments which is summarized by the PDG in [2] with (0.37± 0.26) MeV/c2.
This world average is dominated by a measurement of the CLEO collaboration [3]
in 1994 where (0.41± 0.25± 0.19) MeV/c2 was obtained from the distributions of the
energy-substituted mass, mES. In a recent measurement of the invariant B-meson
masses by the CDF collaboration [4], the obtained result on the mass difference was
(0.53± 0.67± 0.14) MeV/c2. In this analysis however, the combined error on ∆m is
substantially smaller than that in the current world average by more than a factor




2.1 LINAC and PEP-II Storage Rings . . . . . . . . . . . . . . . . . . . . . 12
2.2 Layout of the BABAR Detector . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Schematic View of the SVT . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Cross-Section and Drift-Cell Layout of the DCH and dE/dx . . . . . . . 15
2.5 Schematic View of the DIRC and θC Selection Power . . . . . . . . . . . 16
2.6 Schematic View of the EMC . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.7 Overview of the IFR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.1 Electron PID Performance . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2 Muon PID Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3 Kaon PID Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.4 Generated MC Line-Shapes . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.5 Cosine of the J/ψ → µ+µ− Candidates Helicity Angle in MC Events . . 40
3.6 Invariant µ-Pair Mass in BB MC Events . . . . . . . . . . . . . . . . . . 41
3.7 Invariant Kπ Mass in B0B0 MC Events . . . . . . . . . . . . . . . . . . 43
3.8 Energy Difference ∆E in MC Events with J/ψ → µ+µ− . . . . . . . . . 44
4.1 p∗ Distributions in MC Events with J/ψ → µ+µ− . . . . . . . . . . . . . 50
4.2 Fitted p∗ Distributions in Type-1 MC Events . . . . . . . . . . . . . . . 52
4.3 Fitted p∗ Distributions in Type-2 MC Events . . . . . . . . . . . . . . . 54
4.4 Fitted p∗ Distributions in Type-3 MC Events . . . . . . . . . . . . . . . 56
4.5 Fitted p∗ Distribution in Type-4 MC Events . . . . . . . . . . . . . . . . 57
4.6 Influence of the Boost on Reconstructed p∗ . . . . . . . . . . . . . . . . 61
4.7 Fitted True p∗ Distributions in Type-1 MC Events . . . . . . . . . . . . 62
4.8 Influence of the Detector Resolution in MC Events . . . . . . . . . . . . 63
4.9 Comparison of MC Validation-Fits for Events with J/ψ → µ+µ− . . . . 64
4.10 RAll2 Distributions for B
0B0 and qq MC Events . . . . . . . . . . . . . . 67
4.11 ∆E vs. p∗ in B0B0 MC Events . . . . . . . . . . . . . . . . . . . . . . . 68
4.12 Fitted Final p∗ Distributions in B0 → J/ψK∗0 MC Events . . . . . . . . 71
4.13 p∗ Distributions in MC and Data Events with J/ψ → µ+µ− . . . . . . . 73
4.14 Fitted p∗ Distribution in Data Events . . . . . . . . . . . . . . . . . . . 74
5.1 Cosine of the J/ψ → e+e− Candidates Helicity Angle in MC Events . . 78
5.2 Invariant e-Pair Mass in BB MC Events . . . . . . . . . . . . . . . . . . 79
5.3 m(e+e−) vs. p∗ in BB MC Events with J/ψ → e+e− . . . . . . . . . . . 80
5.4 Energy Difference ∆E in MC Events with J/ψ → e+e− . . . . . . . . . 81
111
LIST OF FIGURES
5.5 p∗ Distributions in MC Events with J/ψ → e+e− . . . . . . . . . . . . . 83
5.6 Fitted p∗ Distributions in Type-1 and Type-2 MC Events with J/ψ → e+e− 84
5.7 Fitted p∗ Distributions in Type-3 MC Events with J/ψ → e+e− . . . . . 87
5.8 Comparison of MC Validation-Fits for Events with J/ψ → e+e− . . . . 90
5.9 p∗ Distributions in MC and Data Events with J/ψ → e+e− . . . . . . . 91
5.10 Fitted p∗ Distribution in Data Events with J/ψ → e+e− . . . . . . . . . 93
6.1 Variations of the B0 Background-Shape . . . . . . . . . . . . . . . . . . 98
6.2 Data-MC Difference in “Like-Sign” Events . . . . . . . . . . . . . . . . . 99
112
List of Tables
2.1 Production Cross-Sections at
√
s = 10.58 GeV . . . . . . . . . . . . . . . 12
3.1 Branching Fractions of Reconstructed Decays . . . . . . . . . . . . . . . 22
3.2 BABAR Data Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3 BABAR Monte Carlo Samples . . . . . . . . . . . . . . . . . . . . . . . . 25
3.4 Luminosity Ratios of the Monte Carlo Samples . . . . . . . . . . . . . . 26
3.5 Pre-Selection Requirements . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.6 Invariant µ-pair Mass in BB MC Events . . . . . . . . . . . . . . . . . . 42
3.7 Energy Difference ∆E in BB MC Events with J/ψ → µ+µ− . . . . . . . 43
3.8 Number of Multiple B Candidates with J/ψ → µ+µ− in MC Events . . 46
3.9 Number of B Candidates with J/ψ → µ+µ− in MC Classes . . . . . . . 46
3.10 Event-Selection Criteria for J/ψ → µ+µ− Decay-Modes . . . . . . . . . 47
4.1 Parameters from p∗ Fits in Type-1 MC Events . . . . . . . . . . . . . . 53
4.2 Parameters from p∗ Fits in Type-3 MC Events . . . . . . . . . . . . . . 55
4.3 Parameters from Simultaneous Fits of Type-1 p∗-Distributions . . . . . 59
4.4 Parameters from Fits to True p∗ in MC Events . . . . . . . . . . . . . . 64
4.5 Fit Results of the MC Validation-Samples in Events with J/ψ → µ+µ− . 65
4.6 Optimization of the ∆E Cut in B0 MC Events . . . . . . . . . . . . . . 68
4.7 Tighter Event-Selection Criteria for B0 with J/ψ → µ+µ− . . . . . . . . 69
4.8 Number of B0 Candidates in MC Classes . . . . . . . . . . . . . . . . . 70
4.9 Parameters from Final p∗ Fits in B0 → J/ψK∗0 MC Events . . . . . . . 70
4.10 Number of Selected B in Data . . . . . . . . . . . . . . . . . . . . . . . 72
4.11 Results of the Fits for Data Events with J/ψ → µ+µ− . . . . . . . . . . 75
4.12 Fit-Result Summary for Data Events with J/ψ → µ+µ− . . . . . . . . . 76
5.1 Event-Selection Criteria for J/ψ → e+e− Decay-Modes . . . . . . . . . . 82
5.2 Number of B Candidates with J/ψ → e+e− in MC Classes . . . . . . . . 82
5.3 Parameters from p∗ Fits in Type-1 and Type-2 MC Events with J/ψ → e+e− 85
5.4 Parameters from p∗ Fits in Type-3 MC Events wit J/ψ → e+e− . . . . . 86
5.5 Fit Results of the MC Validation-Samples in Events with J/ψ → e+e− . 89
5.6 Number of Selected B in Data Events with J/ψ → e+e− . . . . . . . . . 90
5.7 Results of the Fits for Data Events with J/ψ → e+e− . . . . . . . . . . 92
5.8 Fit-Result Summary for Data Events with J/ψ → e+e− . . . . . . . . . 93
6.1 Background-Shape Variations . . . . . . . . . . . . . . . . . . . . . . . . 100
6.2 Fitted Data-MC Ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
113
LIST OF TABLES
6.3 Data-Histogram Binning . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.4 Run-Cycle Dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.5 Cut-Variation Cross-Check . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.6 Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
114
Bibliography
[1] Particle Data Group, Yao, W. M. et al., Review of particle physics, J. Phys.
G33(2006):1–1232, doi:10.1088/0954-3899/33/1/001.
[2] Particle Data Group, Review of particle physics 2007 partial update for edition
2008. Available from: http://pdg.lbl.gov.
[3] CLEO, Alam, M. S. et al., Exclusive hadronic B decays to charm and charmonium
final states, Phys. Rev. D50(1994):43–68, arXiv:hep-ph/9403295.
[4] CDF, Acosta, D. et al., Measurement of b hadron masses in exclusive J/ψ decays
with the CDF detector, Phys. Rev. Lett. 96(2006):202001, arXiv:hep-ex/0508022.
[5] Goity, J. L. and Jayalath, C. P., Strong and electromagnetic mass splittings in
heavy mesons, Phys. Lett. B650(2007):22–26, arXiv:hep-ph/0701245.
[6] Leutwyler, H., The ratios of the light quark masses, Phys. Lett. B378(1996):313–
318, arXiv:hep-ph/9602366.
[7] BABAR, Aubert, B. et al., The BABAR detector, Nucl. Instrum. Meth. A479(2002):1–
116, arXiv:hep-ex/0105044.
[8] BABAR, Harrison, P. F., e. and Quinn, Helen R., e., The BABAR physics book:
Physics at an Asymmetric B Factory Papers from Workshops on Physics at an
Asymmetric B Factory (BABAR Collaboration Meetings), Rome, Italy, 11-14 Nov
1996, Princeton, NJ, 17-20 Mar 1997, Orsay, France, 16-19 Jun 1997 and Pasadena,
CA, 22-24 Sep 1997.
[9] BABAR, Boutigny, D. et al., BABAR technical design report SLAC-R-0457.
[10] BABAR, Adam, I. et al., The DIRC particle identification system
for the BABAR experiment, Nucl. Instrum. Meth. A538(2005):281–357,
doi:10.1016/j.nima.2004.08.129.
[11] BABAR, Kocian, M., Performance and calibration of the crystal calorimeter of the
BABAR detector Presented at 10th International Conference on Calorimetry in High
Energy Physics (CALOR 2002), Pasadena, California, 25-30 Mar 2002.
[12] Santonico, R. and Cardarelli, R., Development of Resistive Plate Counters, Nucl.
Instrum. Meth. 187(1981):377–380, doi:10.1016/0029-554X(81)90363-3.
115
BIBLIOGRAPHY
[13] Benelli, G., et al., The BABAR LST detector high voltage system: Design and
implementation, IEEE Nucl. Sci. Symp. Conf. Rec. 2(2006):1145–1148.
[14] ROOT. Available from: http://root.cern.ch.
[15] Extra Tags for BABAR Analysis Releases. Available from: http://www.slac.
stanford.edu/BFROOT/www/Physics/PhysicsReleases/extra_tags.html.
[16] Simple Job Manager. Available from: http://www.slac.stanford.edu/BFROOT/
www/Computing/Distributed/Bookkeeping/SJM/SJMMain.htm.
[17] BABAR, Hearty, C., Measurement of the Number of Υ (4S) Mesons Produced in Run
1 (B Counting), BABAR Analysis Document 134(2001).
[18] Lange, D. J., The EvtGen particle decay simulation package, Nucl. Instrum. Meth.
A462(2001):152–155, doi:10.1016/S0168-9002(01)00089-4.
[19] BABAR, Ryd, A., Lange, D. J., et al., EvtGen A Monte Carlo Generator for B-
Physics, BABAR Analysis Document 522(2003).
[20] Barberio, E. and Was, Z., PHOTOS: A Universal Monte Carlo for QED ra-
diative corrections. Version 2.0, Comput. Phys. Commun. 79(1994):291–308,
doi:10.1016/0010-4655(94)90074-4.
[21] Sjostrand, T., High-energy physics event generation with PYTHIA 5.7 and
JETSET 7.4, Comput. Phys. Commun. 82(1994):74–90, doi:10.1016/0010-
4655(94)90132-5.
[22] GEANT4, Agostinelli, S. et al., GEANT4: A simulation toolkit, Nucl. Instrum.
Meth. A506(2003):250–303, doi:10.1016/S0168-9002(03)01368-8.
[23] Kalman, R. E., A new approach to linear filtering and prediction problems, Trans-
actions of the ASME – Journal of Basic Engineering D82(1960):35–45. Available
from: http://www.cs.unc.edu/~welch/kalman/.
[24] Billoir, P., Track fitting with multiple scattering: A new method, Nucl. Instr. Meth.
A225(1984):352.
[25] Drescher, A. et al., The Argus Electron - Photon Calorimeter. 3. Electron -
Hadron Separation, Nucl. Instrum. Meth. A237(1985):464–474, doi:10.1016/0168-
9002(85)91055-1.
[26] BABAR, Brandt, T., Likelihood Based Electron Identification, BABAR Analysis Doc-
ument 391(2002).
[27] BABAR Particle Identification. Available from: http://www.slac.stanford.edu/
BFROOT/www/Physics/Tools/Pid/pid.html.
[28] BABAR, Mohapatra, A., Band, H., and Hollar, J., Studies of a Neural Net Based
Muon Selector for the BABAR Experiment, BABAR Analysis Document 474(2004).
116
BIBLIOGRAPHY
[29] PID Likelihood Selectors. Available from: http://www.slac.stanford.edu/
BFROOT/www/Physics/Tools/Pid/Hadrons/pid_summarytable.html.
[30] Hulsbergen, W. D., Decay chain fitting with a Kalman filter, Nucl. Instrum. Meth.
A552(2005):566–575, arXiv:physics/0503191.
[31] Sinkus, R. and Voss, T., Particle identification with neural networks using a ro-
tational invariant moment representation, Nucl. Instrum. Meth. A391(1997):360–
368, doi:10.1016/S0168-9002(97)00524-X.
[32] Zernike, F., Beugungstheorie des Schneidenverfahrens und seiner verbesserten
Form, der Phasenkontrastmethode., Physica 1(1934):689–704.
[33] Fox, G. C. and Wolfram, S., Event shapes in e+e− annihilation, Nucl. Phys.
B149(1979):413–496, doi:10.1016/0550-3213(79)90003-8.
[34] KEDR, Aulchenko, V. M. et al., New precision measurement of the J/ψ and ψ’
meson masses, Phys. Lett. B573(2003):63–79, arXiv:hep-ex/0306050.
[35] BABAR, Nogowski, R., Precision Studies of the J/ψ Mass in J/ψ → µ+µ− Decays,




First of all, I would like to express my gratitude to my thesis advisor Prof. Dr. Klaus
R. Schubert from the “Institut für Kern- und Teilchenphysik” at the TU Dresden for his
helpful advice, valuable and inspiring discussions, and his patience. I am very grateful
for the given opportunity to work on a fascinating physics topic in this interesting
environment of the international BABAR collaboration.
I wish to thank Juniorprof. Dr. Heiko Lacker for insightful discussions about physics
questions and for his offer to act as a referee for my dissertation. I am also very
grateful that Dr. Roland Waldi from the University of Rostock kindly agreed to act as
a third referee. I want to thank the head of the particle physics division in Dresden,
Prof. Dr. Michael Kobel, for his support.
I want to say many thanks to all staff members of the institute in Dresden. For
his tremendous effort in administrating and maintaining the computing environment to
ensure a continuous operation, I want especially thank Dr. Rainer Schwierz. I am very
grateful to all who provided feedback and support at the various stages of my thesis,
with a special thank to Verena Klose and Florian Bernlochner for proof-reading.
I would like to thank my wife Mandy for her patience, love, and understanding, but
especially for her support and encouragement in the last weeks of the preparation of
this thesis. For their support and encouragement, I also want to say many thanks to
my family, especially to my parents and my brother.
Finally, I want to thank the “Deutsche Forschungsgemeinschaft” (DFG) for the
scholarship in the Graduierten Kolleg “Strukturuntersuchungen, Präzisionstests und
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